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Editorial on the Research Topic

Mechanisms of cellular differentiation, organ development, and novel

model systems

Stem cells are undifferentiated cells that can self-renew and potentially differentiate

into different specialized cell types. Embryonic stem cells (ESCs) are crucial during

development to generate the different organs of the body. In some of the adult tissues,

adult stem cells (ASCs) have critical roles for tissue homeostasis and repair upon injury.

Understanding the mechanisms that regulate the specific pathways of stem cell

differentiation into the different cell types is a central question for stem cell

biology. It constitutes the basis to exploit the potential of stem cells for tissue

regeneration. Model organisms have been instrumental to investigate stem cell

behaviour and differentiation trajectories in vivo. In recent years, novel model

systems including both 2D and 3D (organoid) cultures have been developed from

tissue-resident stem cells (either fetal or adult) and pluripotent stem cells (either

embryonic or induced), and those have been particularly critical to leverage our

understanding of human stem cells in health and disease. This Research Topic

“Mechanisms of Cellular Differentiation, Organ Development, and Novel Model

Systems” published in Frontiers in Cell and Developmental Biology and Frontiers in

Genetics explores the recent advancements in stem cell biology with a particular focus

on molecular mechanisms driving cellular differentiation in various organs, their

dysregulation in a disease context and the optimization and use of novel model

systems and techniques.

Although much progress has been made in our comprehension of the mechanisms

that drive stem cell renewal and differentiation during embryonic development and later
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in adulthood in different organs, much remains to be

investigated. We need to obtain a more holistic knowledge of

the molecular pathways that regulate stem cell behaviour on

different levels, including genetic, transcriptomic, and epigenetic

changes. Based on this demand, Sevilla et al. used different

unbiased approaches including gene-expression and

methylation profiling to dissect the molecular changes

occurring in mouse embryonic stem cells (mESCs) upon

depletion of the key pluripotency regulator estrogen related

receptor beta (Esrrb). The study revealed a feed forward loop

between Esrrb and the pluripotency factor Nanog that

contributes to the timing of mESC differentiation. In

embryonic development and adult homeostasis, cell-cell

communication is a critical regulator of stem cell fate

decisions and lineage selection. Cell-cell communication may

be mediated through direct ligand-receptor interactions, cell

cytoplasm directly connected via gap junction channels or

paracrine signalling enabled, for instance, through pannexin

channels that allow passage of signalling molecules out of the

cell into the extracellular space. Noort et al. investigated the role

of the pannexin channel PANX1 in the lineage specification of

human induced pluripotent stem cells (iPSCs). PANX1 is

expressed in iPSCs and as well as cell committed to the three

germ layers (i.e., ectoderm, mesoderm, and endoderm); however,

with distinct patterns of glycosylation and subcellular

localization amongst the germ lineages. While loss of

PANX1 in iPSCs did not completely elicit the ability of

pluripotent cells to differentiate into all germ lineages, it

promoted a preferred differentiation towards the endodermal

and mesodermal lineages. Undetermined redundancies,

interacting partners or signaling molecules contributing to

iPSC plasticity may be involved in this process. Ligand-

receptor interactions represent a direct form of cell-cell

communication and their role in the sex-specific transition

from primordial germ cells (PGCs) to gonia during human

development was studied by Overeem et al. Focusing on the

four major signalling pathways Wnt, Notch, TGF-β/BMP, and

receptor tyrosine kinases (RTK), they analysed single-cell

transcriptomics data of human fetal gonads (i.e., premeiotic

oogonia in females and prospermatogonia in males). The in-

silico analysis suggested that sex-specific signalling mimicking

the transition from female PGCs to oogonia may rely on

activation of Wnt and BMP and further treatment with the

RTK ligand KITL. Conversely, activation of RTK signalling by

IGF1 and FGF9 treatment and activation of the BMP pathway

may promote the transition from PGCs to prospermatogonia in

males.

Canonical Wnt signalling is a central pathway regulating

(stem) cell lineage selection and differentiation. Its role in

promoting the commitment of mesenchymal stromal cells

(MSCs) towards adipocytes is reviewed by de Winter and

Nusse. Dermal fibroblasts comprise the stromal niche of

epidermal stem cells and contribute to their ability to

maintain epidermal homeostasis. Both dermal fibroblasts

and epidermal keratinocytes are regulated by canonical

Wnt signaling. Culley et al. identifed using gene-

expression profiling that expression of the Wnt ligand

WNT4 and the RTK ligand IGF1 correlates with two

distinct human dermal fibroblast lineages. In

reconstitution assays of cultured human skin, they showed

that IGF1 knockdown increased expression of α-smooth

muscle actin (α-SMA), a myofibroblast marker, but did

not affect the ability of fibroblasts to support epidermal

stratification. Knockdown of WNT4 in cultured dermal

fibroblasts, on the other hand, did not alter α-SMA

expression, but promoted epidermal stratification.

Crosstalk of canonical Wnt with other signalling pathway

has been found to be involved in regulating development and

maintenance of many different tissues. Hermans et al.

summarized the recent literature on the interaction of

canonical Wnt and Sonic hedgehog (Shh) signalling

during the different stages of murine tooth development,

reaching from dental placode formation to the fully formed

adult tooth. Integral part of tooth development is the

formation of the tooth root that depends on epithelial-

mesenchymal interactions. Liu et al. investigated a key

process of tooth root development, the lineage selection of

stem cells from the apical papilla (SCAP) towards osteo/

odontogenic differentiation. Using microRNA (miRNA)

microarray analysis, they identified and validated miRNA-

497-5p as a positive regulator of osteo/odontogenic

differentiation of SCAP. Further bioinformatics analysis

and luciferase reporter assays revealed SMAD specific

E3 ubiquitin protein ligase 2 (Smurf2) is a direct target of

miR-497-5p, which suggests that the miRNA promotes

osteo/odontogenic differentiation by acting on the Smad

signalling pathway. Epithelial-mesenchymal interactions

are not only essential during organ development, but they

also provide cues underlying tissue homeostasis. In the

intestine, stromal cells at the base of the crypts, the niche

of intestinal stem cells, produce EGF that drives proliferation

of intestinal epithelial cells. Abud et al. reviewed the current

knowledge on the cellular sources of EGF family of ligands in

the intestine and their impact on intestinal stem cells. They

highlight that apart from EGF, members of its ligand family

such as Neuregulin 1 play specific roles in maintaining

proper intestinal stem cell function by acting through the

ErbB-mediated RTK signaling.

The intestine has become a heavily studied model organ

to dissect adult stem cell function as well as tissue

homeostasis and regeneration, due to its rapid turnover.

Bonis et al. provided a broad overview of recent findings

on the intestinal epithelium and its communication with the

underlying mesenchyme. Highlighting how single-cell

technologies have led to major discoveries, they discuss

how these results have contributed to the better
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understanding of the maintenance, regeneration, and

diseases of the intestine. In comparison to the intestine,

the oral mucosa remains a poorly understood tissue.

However, the oral mucosa is amongst the few tissues of

the human body that can heal with minimal scarring.

Pereira and Sequeira discussed this outstanding healing

potential by comparing the processes underlying oral

mucosal homeostasis and regeneration with those of the

skin and esophagus. A better understanding of the

mechanisms contributing scarless wound healing in the

oral mucosa may open new avenues of research and

treatment for achieving the same for scarring tissues such

as skin. Ferrario et al. suggested a different approach and

make a case for studying invertebrate deuterostomes as

models to decipher the cellular aspects of adult

regeneration. Invertebrate deuterostomes are a group of

animals comprising echinoderms, hemichordates,

cephalochordates, and tunicates. Dedifferentiation is

discussed as a critical cellular mechanism underlying

regeneration in invertebrate deuterostomes, a process that

is gaining more or more attention in the field of adult stem

cell research, as our understanding of cellular plasticity in

adult tissue has increased in the last decade or so.

To obtain a more holistic “-omic” knowledge of the

molecular pathways that regulate stem cell behaviour

during organ development as well as in adulthood and

during disease, it is critical to derive information from the

correct platforms of investigation. In recent years, much

emphasis has been placed on the optimization and

generation of novel model systems, including animal

models and in vitro (human) stem cell-based cultures, such

as organoids. The field of studying the earliest processes

underlying embryonic development has seen a considerate

increase in development of novel in vitro models, including

iPSCs, organoids, blastuloids and gastruloids. Such models

may bypass some of the ethical concerns associated with

culturing human embryos. El Azhar and Sonnen provided

an in-depth discussion on how these models are aiding our

understanding of pre- and post-implantation development.

Blastuloids enable modeling the first steps of pre-

implantation, including compartmentalization, lineage

segregation, and implantation. Peri- and post-implantation

studies are instead aided by the recent establishment of

gastruloids, organoids, and so-called “ETX embryos” (ESC,

TSC, and XEN cells) to evaluate gastrulation mechanisms,

cellular dynamics, and signaling pathways. Development is an

extremely delicate and timed process, and defects arising

during this process may result, amongst others, in pediatric

tumors. Custers et al. and Barbet and Broutier summarized

how in vitro models aid our understanding of the

development of such tumors and how this helps translation

to the clinic. Barbet and Broutier further emphasized the

importance of both bottom-up and top-down tumor

organoids (ie., tumoroids). Bottom-up tumoroid models use

initially healthy cells as a base to introduce mutations

mimicking specific tumor subtypes through genetic

engineering approaches, whereas top-down tumoroids

represent organoids derived from actual cancer tissue. Both

tumoroid types are expected to help unravel the biology of

pediatric tumors. The authors highlight the delay in

translating tumoroid technology to pediatric tumors, and

argue that this could be linked to the origin of the tumor.

Whereas pediatric tumors are often of non-epithelial origin (e.

g., sarcomas), most cancers in adulthood are derived from

epithelial tissues and accordingly establishment of tumoroid

cultures have been optimized for epithelial cells. Custers et al.

discussed the biological challenges associated with modelling

pediatric tumors, related to the notion that mutations likely

arise in a specific cell within a specific developmental time

window, and thus require extremely controllable and

representative in vitro models. The authors conclude that

although tumor complexity may not be recapitulated in a

single model, continued establishment of novel models will

collectively fundamentally increase our understanding of

pediatric tumors.

Moving on to in vitro models of adult tissues, Gähwiler

et al. provided a broad review on how iPSCs have been used in

cardiac tissue engineering. They discuss how their

multiplexing with genome engineering tools, such as

CRISPR-Cas9, has contributed to the establishment of

robust cardiac disease models. As the heart is an organ

with limited regenerative capacity, such engineered cardiac

tissues may in the future prove to be valuable in the clinic, but

first require addressing safety concerns related to both iPSCs

as well as the genome engineering tools. Roos et al. reported a

novel culture model that allows to derive cholangiocyte

organoids from bile fluid of healthy donors and patients,

providing a less-invasive method. Through extensive

characterizations, they found that bile-derived organoids

are molecularly and functionally very similar to tissue-

derived organoids. Interestingly, the organoids were

derived under non-canonical Wnt stimulation conditions,

which resulted in a better preservation of cholangiocyte-

specific basolateral receptor activity as compared to

organoids derived under canonical Wnt stimulating

conditions.

In vitro models, including organoids, also provide a

suitable platform to study basic biological processes, such

as tissue behaviour in space and time. Betjes et al. discussed

the power of cell tracking approaches applied to 3D

organoids to answer important questions of organ

development and cellular differentiation. While at first

glance being a seemingly straightforward concept with the

technologies and history in embryo development at hand,

they highlight that a current challenge in the field is to find

novel ways to efficiently analyse a complex lineage tracking
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dataset that integrates space, time, lineage, and internal cell

states. They argue that combining on the one hand state-of-

the-art microscopy approaches and on the other hand state-

of-the-art cell visualization techniques will maximize the

immense potential of cell tracking to describe organ biology.

In addition to their use for basic biology studies, in vitro

models equally hold potential for testing clinical therapies.

Cappella et al. summarized how iPSCs have been used in the

prioritization and testing of therapeutic drug treatments

with a focus on neuromuscular and motor neuron

disorders. They further discuss the current challenges and

selection criteria to identify safe viral vectors for gene

therapy and how iPSCs can constitute a valuable testing

platform for this purpose.

The use of in vitro models is fundamental for the study of

human biology, since in vivo models are clearly unavailable,

and to compare findings to different species for which the use

of in vivo models is at least controversial and difficult to

achieve, such as primates. This type of comparative

interspecies studies allows to study cellular and organ

functions in an evolutionary perspective, and has been

widely applied, for instance, to the study of brain

evolution. Within this context, Schörning and Taverna

have extensively reviewed the recent studies that made use

of PSC-based culture systems, including 3D brain organoids

as well as 2D cultures of induced neural populations, to

identify evolutionary differences. These include, for

instance, diverse mechanisms of specification and

maturation of neurons between apes and human.

Additionally, this review convincingly illustrates how these

advanced culture systems can aid to experimentally test the

functional relevance of the multiple genetic differences that

exists between humans and their last ancestors, such as

Neanderthals and Denisovans. Additionally, PSC-based

neural cultures represent powerful tools to understand

mechanisms of action and impact on cell identity

determination of transcription factors. In this Research

Topic, two original studies provide exemplifying cases.

Zhang et al. conjugated human retinal organoids with

lentiviral-based gene expression manipulation and

extensive single cell sequencing analysis to identify the role

of two bHLH transcription factors, ATOH and NGN2. The

authors found that both transcription factors are instrumental

to expand the neuroblasts population and to enhance the

production of retinal ganglion cells and cone photoreceptors.

In a second example, Cui et al. utilized PSC-derived neural

stem cell cultures to manipulate the expression of HIF-1α, and
found novel evidence that HIF-1α affects the pluripotency of

PSCs and their differentiation capacity by enhancing the

expression of Mitofusin2, which ultimately influences

pluripotency by regulating the expression of β-catenin.
Beside the importance of these novel and exciting in vitro

models, the neural stem cell and brain development field has

benefitted since long time from in vivo model systems, and their

great values still holds true, as critical complementary systems.

Stepien et al. reviewed for this Research Topic findings obtained

from in vivo studies as well as integration with human in vitro

studies, that altogether lead to our current understanding of the

human cortical expansion. In particular, the authors focused on

interpreting the theoretical and experimental findings showing

that the lengthening of the neurogenic period is a key

determinant of neocortical expansion, described the genes

identified in recent years to affect the neurogenic period

length, and discussed the evidence supporting the extrinsic

versus the intrinsic regulation of this process. In addition to

the more classical and widely used rodent models, mice and rats,

different animal models with specific and unique features have

showed their importance. Gilardi and Kalebic provided a

comprehensive overview of the use of the ferret as an in vivo

model system to study cortical development and evolution.

Specifically, this animal represents an easily accessible and

experimentally amenable model, but as compared to others,

present with complex cortex folding. As such, it is a

particularly appealing system for evolutionary studies. The

authors present a clear description of ferret neurogenesis and

proceed with highlighting side-by-side commonalities and

differences as compared to other species, such as mice and

primates (human). In our collection the use of even a more

exotic animal model has been documented by Hernández-Núñez

et al. in an interesting study aimed at elucidating the signaling

pathways that regulate neurogenesis in the adult vertebrate

retina: the adult shark. While neurogenesis is retained in

specific niches in different vertebrate species, teleost fishes

display the most widespread neurogenesis in the adult CNS,

however how neurogenesis is conserved in the retina within

different species is unclear. Here, the authors present evidence for

the persistence of proliferation and neurogenesis in the adult

retina of the catshark.

In closing this Research Topic, we believe that this collection

provides meaningful examples of how better and novel in vitro, as

well as in vivomodels are crucial to advance our understanding of

pathways regulating organ development, tissue homeostasis, and

how they are involved in disease initiation and progression.

Alongside, the studies presented here convincingly show that

advancements in state-of-the-art methods and techniques, such

as genetic editing, lineage tracing and mathematical modelling,

imaging tools, and next generation sequencing including single-

cell sequencing, can be increasingly beneficial when applied to

the stem cell field.
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The diversity of regenerative phenomena seen in adult metazoans, as well as their
underlying mechanistic bases, are still far from being comprehensively understood.
Reviewing both ultrastructural and molecular data, the present work aims to
showcase the increasing relevance of invertebrate deuterostomes, i.e., echinoderms,
hemichordates, cephalochordates and tunicates, as invaluable models to study cellular
aspects of adult regeneration. Our comparative approach suggests a fundamental
contribution of local dedifferentiation -rather than mobilization of resident undifferentiated
stem cells- as an important cellular mechanism contributing to regeneration in
these groups. Thus, elucidating the cellular origins, recruitment and fate of cells,
as well as the molecular signals underpinning tissue regrowth in regeneration-
competent deuterostomes, will provide the foundation for future research in tackling
the relatively limited regenerative abilities of vertebrates, with clear applications in
regenerative medicine.

Keywords: adult invertebrate deuterostomes, dedifferentiation, progenitor cells, stem cells, regeneration

INTRODUCTION

Since the time of Aristotle, regeneration has been one of the most fascinating and perplexing
biological phenomena to explain, challenging, as it does, the common dogma of irreversibility of
ontogenetic processes. After an initial period of descriptive studies (Spallanzani, 1768; Morgan,
1901; Maienschein, 2011), more recent research has begun to delve into the deeper and more
complex mechanistic problems underlying the regenerative process. In particular, where new cells
come from -and how they acquire their correct committed fate- to achieve a successful regenerative
outcome are two of the most pressing issues faced, and yet they still need to be fully clarified.

In attempting to characterize and classify the origins of the cells contributing to the new
regenerate, two broad regeneration modalities have classically been distinguished: i) morphallaxis,
or regeneration relying mainly on the remodeling of pre-existing cells and tissues; and ii)
regeneration proceeding through the formation of a blastema, also known as epimorphosis. In
the latter, a mass of undifferentiated cells of mesenchymal origin and enveloped by an epithelial
layer is formed at the amputation site by recruitment of cells and their extensive proliferation
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(for high quality illustrations depicting these processes see for
example Sánchez Alvarado and Tsonis, 2006; Gentile et al.,
2011). These definitions were proposed when no detailed analyses
of regenerative phenomena were possible at the cellular and
molecular level (Morgan, 1901). In some cases, the original
terms have even been adapted to better fit local case-studies,
such that agreement on any clear and unequivocal definition
appears to be lacking. However, it is now evident that these two
modalities lie along a spectrum, frequently difficult to distinguish
in practical terms, and often coexist (Candia Carnevali, 2006;
Agata et al., 2007). In an effort to reconcile some of the
difficulties caused by these terms, an alternative perspective
unifying the two principles -and based on positional identity
of cells- was proposed, the so-called “distalization-intercalation”
model (Agata et al., 2007). According to this model, during
regeneration the most distal cells are replaced first, going
on to act as an “organizer” and new signaling center for
patterning of the intervening tissues. Cross-talk between this
distal element and the old stump tissues induces reorganization
of positional information so that the new tissues are regenerated
between these two positional extremities. Cells and tissues of the
distal entity vary depending on the model system in question,
and include for instance the wound epidermis formed during
limb regeneration in urodeles or the distal tip cells of the
blastema in bisected planaria. This model can be even considered
a “universal developmental model” not only applicable to
regeneration but also to embryogenesis (Ben Khadra et al.,
2018b). While we fully agree with this modern perspective,
in the present review we still sometimes use the original
terminology referring to epimorphosis and morphallaxis in
order to faithfully represent specific cellular processes described
in earlier work.

Regardless of the underlying mechanism used, the ability
to regenerate missing body parts relies on the availability of
a source of multipotent/pluripotent cells. These can either be
undifferentiated adult stem cells (ASCs), or they can derive from
dedifferentiation/redifferentiation processes (Sánchez Alvarado,
2000; see glossary). Typical examples of ASCs include sponge
archeocytes (Funayama, 2018), cnidarian interstitial cells (Frank
et al., 2009), flatworm neoblasts (De Mulder et al., 2009; Salvetti
and Rossi, 2019), annelid teloblasts (Sugio et al., 2012; Gazave
et al., 2013) and some vertebrate lineage-restricted stem cells [e.g.,
muscle satellite cells, neural stem cells, etc. (Marques et al., 2019)].
However, a deeper understanding of the relative contributions
of ASCs and dedifferentiation during animal regeneration is
still lacking, and the roles of cell proliferation dynamics and
the microenvironment/extracellular matrix (“niches") (García-
Arrarás, 2018; Lai and Aboobaker, 2018) in directing different
regenerative outcomes require more extensive research.

Although ultrastructural and molecular analyses can provide
important insights into the temporal and spatial distribution
of different cytotypes in regenerating tissues, only cell tracking
studies can definitively clarify the actual origin and fate of
cells recruited to restore functional body parts. At present
this type of study has been performed only in a very limited
number of regeneration-competent animal models, chosen for
their long history of regeneration research or their genetic

tractability. Currently, this includes a few vertebrate systems,
e.g., urodele and anuran amphibians (Brito, 2018; Gross, 2018;
Aztekin et al., 2019), and zebrafish (Pfefferli and Jaźwińska,
2015), and a handful of invertebrates, such as Hydra (Bosch,
2007) and planarians (Pellettieri, 2019; Rossi and Salvetti, 2019).
However, these models comprise only a subset of the diversity
of regenerative phenomena present in the animal kingdom, and
are often difficult to compare due to large evolutionary distances.
Understanding how lineage and cell fate decisions are made
through a comparative approach in a wider organismal diversity,
therefore, still represents one of the main challenges for the
scientific community.

Beyond how and why animals regenerate (Bely and Nyberg,
2010), it is critical to understand the nature of the constraints
impeding regeneration (Bely, 2010). With the few notable
exceptions already mentioned, vertebrates generally display
limited regeneration competence, restricted at best to some
organs or tissues (e.g., fins, cornea, liver, epidermis) (Pfefferli and
Jaźwińska, 2015; Forbes and Newsome, 2016; Gawronska-Kozak
and Bukowska, 2017; Vergara et al., 2018). This is likely related
to the appearance of the finely tuned adaptive immune system
(Tiozzo and Copley, 2015; Abnave and Ghigo, 2019). Revealing
the causes of these limited capabilities is currently one of the most
intriguing areas of investigation, and requires an understanding
of the mechanisms promoting cell growth and differentiation,
tissue homeostasis, aging and senescence. All these processes
are of fundamental importance, especially in light of possible
applications in the field of human regenerative medicine.

In contrast to vertebrates, invertebrates offer a number of
advantages, ranging from (but not limited to) their simpler
body organization to their unique regeneration phenomena.
These include whole body regeneration (see below), or the
presence of unique “stemness” systems, with stem cells spread
throughout the body and not necessarily restricted to defined
niches (Sköld et al., 2009). In addition, invertebrates continue to
reveal unexpected gene regulatory pathways of great interest for
regenerative biology (Ballarin et al., 2018).

The invertebrate deuterostomes -which include echinoderms,
hemichordates, cephalochordates and tunicates- are considered
excellent systems to study regeneration, but are still largely
unexplored. Not only do they display a huge range of regenerative
potential, with its associated complexity of mechanisms, but
their phylogenetic position makes them ideally placed to
study the evolution of regenerative abilities, with particular
reference to the invertebrate-vertebrate transition (Figure 1A).
Therefore, these so-called “emerging” model systems provide
a unique opportunity to shed light on the diversity of cell
recruitment mechanisms contributing to regeneration in the
earliest diverging deuterostomes.

Here, we provide an updated and comprehensive overview
of the molecular and cellular basis of adult regeneration in
the closest living relatives to vertebrates -the invertebrate
deuterostomes- describing presumptive origins and fates of cells
contributing to the new tissues. Using both ultrastructural and
molecular data, similarities and differences among models are
highlighted. Overall, our comparative approach contributes to a
deeper understanding of the constraints preventing large scale
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FIGURE 1 | (A) Schematic showing the currently accepted phylogenetic relationships among the phyla within the deuterostomes. Echinodermata and Hemichordata
are collectively referred to as Ambulacraria. Within the chordates, Cephalochordata are the sister group to Urochordata and Vertebrata, which together comprise the
Olfactores. (B) Living representatives of the invertebrate deuterostome phyla discussed here. Note the considerable diversity in body plan types even within phyla.
Echinodermata: Holothuroidea: Holothuria sanctori (credits: Dr Federico Betti, University of Genova), and Crinoidea: Antedon mediterranea (credits: Dr Michela
Sugni, University of Milan). Hemichordata: Enteropneusta: Yoda purpurata (credits: “Smithson Picture 66” by public.resource.org, licensed under CC PDM 1.0).
Cephalochordata: Branchiostoma lanceolatum (credits: Dr Ildiko Somorjai, University of St Andrews). Tunicata: Ascidiacea: Ciona robusta (credits: Dr E.A,
Lazo-Wasem, Yale Peabody Museum) and Botryllus schlosseri (Dr Loriano Ballarin, University of Padova), and Thaliacea: Pyrosoma atlanticum (credits: Dr Alan
Deidun, University of Malta).

regeneration in vertebrates, and offers new perspectives to inform
this emerging research field.

ECHINODERMATA

Echinoderms are common marine invertebrates and include
about 7000 extant species, highly diversified in overall body
morphology (Figure 1B; globular, star-shaped, etc.) and divided
into five clades: crinoids (sea lilies and feather stars; Figure 2),
echinoids (sea urchins and sand dollars; Figure 3), holothuroids
(sea cucumbers; Figure 4), ophiuroids (brittle stars; Figure 5) and
asteroids (starfish; Figure 6). Members of this phylum display
some of the most spectacular regenerative abilities found in the
animal kingdom and an impressive diversity of models for studies
of regeneration. Regeneration is apparently so common that one
could argue it is present in most (if not all) species. Therefore, it
is not surprising that they have been used as inspiring biological
models for innovative regenerative medicine applications (Di
Benedetto et al., 2014a; Ferrario et al., 2017). Irrespective
of the life stage or lost body part, representatives from all

clades show regenerative potential after both self-induced and
traumatic mutilations, and this occurs at the level of tissue,
organ or complex body structure (Candia Carnevali, 2006). The
most extensive regeneration capabilities are strictly linked with
asexual reproduction by fission, as found in representatives of
asteroids, ophiuroids and holothuroids (Emson and Wilkie, 1980;
McGovern, 2002; Dolmatov, 2014). Some of the best-known
examples of regeneration include the formation of a whole
animal from a single starfish arm, termed “comet” (Hyman, 1955;
Emson and Wilkie, 1980; Mladenov and Burke, 1994; Shibata
and Komatsu, 2011; Cortés Rivera et al., 2016); the regrowth of
viscera and the nervous system in sea cucumbers (García-Arrarás
et al., 1998, 2018); the regeneration of arms after both autotomy
and traumatic amputations in starfish, brittle stars and crinoids
(Candia Carnevali et al., 1998; Thorndyke et al., 1999; Ben Khadra
et al., 2018b); and the regeneration of spines and tests in sea
urchins (Dubois and Ameye, 2001; Bonasoro et al., 2004).

Echinoderms are basal deuterostomes, grouped with
hemichordates in the clade Ambulacraria, which is the sister
group of chordates (Arnone et al., 2015; Figure 1A). Therefore,
knowledge of their regenerative processes allows the study of
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FIGURE 2 | Crinoidea. (A) Schematic section through the vertical plane of the calyx and of an arm of an adult crinoid. The oral side, harboring both mouth and anus,
faces the water column. The visceral mass is hosted in the calyx and is anchored to the coelomic walls by mesenteries. For simplicity, only one cirrus at the base of
the calyx is shown. (B) Schematic cross section of an arm of an adult crinoid. The ambulacral groove, including rows of tube feet, faces the water column. Adjacent
segments are joined by muscles and ligaments. The brachial nerve longitudinally runs along the arm within the ossicles. For clarity, pinnules and gonads are not
shown. Abbreviations: rwc-radial water canal. Pink lining represents the coelomic epithelium (somatocoel) (credits: Alessandro Allievi).

FIGURE 3 | Echinoidea. (A) Schematic section through the vertical plane of an adult sea urchin. The oral side, containing the mouth with the Aristotle’s lantern, faces
the substrate, whereas the aboral side, including madreporite and anus, faces the water column. The digestive tube is anchored to the internal walls of the test by
mesenteries. For clarity, structures that are serially repeated along the test either externally or internally have been only partially shown. (B) Schematic longitudinal
section of the test where a spine, a tube foot and a pedicellaria are present. The spine is articulated to the test by muscles and ligaments and the tube foot is directly
connected to the rwc. (C) Insert of B showing the schematic cross section of a spine where the inner stereom architecture is visible. Abbreviations: rnc-radial nerve
cord, rwc-radial water canal. Pink lining represents the coelomic epithelium (credits: Alessandro Allievi).

deuterostome regeneration from an evolutionary perspective.
Examples of regenerating echinoderms are already present in the
fossil record of the Paleozoic Era (Oji, 2001, 2015), suggesting
that this ability was already present in the common ancestor and
was a successful strategy throughout their evolutionary history.

Despite their relevance, echinoderms are still far from being
routinely used as model systems to investigate regeneration.
However, in the last decade an increasing number of molecular
tools and data have become available (Ben Khadra et al.,
2018b), promoting the profitable use of these animals among
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FIGURE 4 | Holothuroidea. (A) Schematic cross section of an adult sea cucumber. The body wall is mainly composed of connective tissue with only few small
ossicles. The gut is anchored to the coelomic cavity walls by mesenteries. For simplicity, the gonads, located within the coelomic cavity, and the muscle layers of the
coelomic cavity wall are not shown. (B) Detail of a (square) on the gut and the corresponding mesentery. Both structures are lined by coelomic epithelium.
Abbreviations: rnc-radial nerve cord, rwc-radial water canal. Pink lining represents the coelomic epithelium (credits: Alessandro Allievi).

FIGURE 5 | Ophiuroidea. (A) Schematic longitudinal section of the disk and an arm of an adult brittle star. The oral side, where the mouth and madreporite are
located, faces the substrate. The disk encloses the gonads and the digestive tube, which lacks an anus. The arm is subdivided into serially repeated segments and
the inner adjacent vertebrae are articulated by muscles and ligaments. The acc, the rwc and the rnc longitudinally run along the arm. Both disc and arms present
skeletal elements called plates, with different names depending on their position. (B) Schematic cross section of an arm of an adult brittle star where all structures
are visible. Spines are articulated to the lateral arm plates and spinal ganglia are present at their bases. The acc occupies the aboral side of the arm, immediately
below the aboral arm plate, and laterally branches near the lateral arm plates. The rnc is the most oral structure above the oral arm plate. Abbreviations: acc-aboral
coelomic cavity, rnc-radial nerve cord, rwc-radial water canal. Pink lining represents the coelomic epithelium (credits: Alessandro Allievi).

regeneration researchers. In the following paragraph, we will
review current knowledge on the cell types recruited for
regeneration, focusing on adult regeneration of all echinoderm
clades. It must be stressed that no cell tracking experiment has
ever been conducted in studies of echinoderm regeneration,
and most data derive from microscopy (light and transmission
electron microscopy) or molecular (e.g., in situ hybridization
or transcriptomic) analyses. Therefore, what is known about
echinoderm regeneration represents “static” snapshots of a
continuous process and can hardly provide unequivocal evidence
of the origin and fate of the cells involved. Nevertheless, the
increasing quantity of data available for these systems is providing

some important clues about the processes underlying stem cell-
based organogenesis.

Crinoidea
In the most basal of the echinoderms, regeneration of whole
body-parts, i.e., arms and the visceral mass (Figure 2), has
been investigated from histological, ultrastructural and molecular
perspectives in a few comatulid species (Candia Carnevali and
Bonasoro, 2001; Patruno et al., 2003; Mozzi et al., 2006; Kondo
and Akasaka, 2010; Shibata et al., 2010; Kalacheva et al., 2017).
These approaches allowed the identification of several cytotypes,
proteins and genes involved in regeneration. Sea lilies (stalked
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FIGURE 6 | Asteroidea. (A) Schematic drawing of an adult starfish where both external and internal anatomy are visible. The aboral side, including the madreporite
and the anus, faces the water column. Gonads and pyloric caeca are present within the coelomic cavity. The rwc and the rnc run longitudinally along the arm. The
last tube foot of each arm is called the terminal tube foot; the optic cushion, the photoreceptor of the animal, is located orally at its base. (B) Schematic cross
section of an arm of an adult starfish where all structures are visible. The spines are articulated with the corresponding ossicles of the body wall. Papule, evaginations
of the coelomic cavity, are internally lined by coelomic epithelium. The rnc is exposed to the external environment but partially protected by the rows of tube feet.
Abbreviations: oc-optic cushion, rnc-radial nerve cord, rwc-radial water canal, ttf-terminal tube foot. Pink lining represents the coelomic epithelium (credits:
Alessandro Allievi).

crinoids) have also exceptional regenerative potential (Nakano
et al., 2004), but limited information is available at the cellular
level, and they will therefore not be discussed further here.

During arm regeneration in Antedon mediterranea,
morphologically undifferentiated cells present in the stump
tissues (i.e., brachial nerve cortex and coelomic cavities;
Figure 2) are recruited to the area where the regenerative
blastema will eventually form (Candia Carnevali and Bonasoro,
2001). These include undifferentiated amebocytes, which are
satellite elements physiologically present around the brachial
nerve, and undifferentiated coelomocytes, a sub-population
of circulating cells in the coelomic fluid, likely produced
by dedifferentiation of the coelomic epithelia. Both these
cell types display a typical undifferentiated phenotype, with
a high nuclear/cytoplasmic ratio and mainly euchromatic
nuclei, and undergo proliferation (Candia Carnevali et al.,
1995, 1997). They differ mainly in their general morphology:
amebocytes are rather elongated, apparently migrating, cells,
whereas coelomocytes display a more roundish morphology
and vesicles. Whether this is simply the result of a different
tissue localization or a true cytological difference is currently
unknown. These cells are considered presumptive pluripotent
stem cells (amebocytes) or progenitor cells (coelomocytes)
which, upon trauma, migrate toward the amputation area
where they proliferate extensively, thereby contributing to the
formation of the blastema. Candia Carnevali and Bonasoro
(2001) hypothesized that the undifferentiated coelomocytes
are lineage-restricted, giving rise to all the cells associated
with the coelomic epithelium (peritoneocytes, myoepithelial
cells), whereas the undifferentiated amebocytes have a wider
“stemness” potential, generating all the remaining structures.
However, the possibility that the blastema cells include

several different subpopulations of already committed cells,
as described in the case of the urodele limb (Stocum, 2019),
cannot be excluded.

Besides the recruitment of undifferentiated cells,
dedifferentiation phenomena can also occur during arm
regeneration, especially at the level of the muscle bundles
(Figure 2). This is rarely observed during arm regeneration
under physiological conditions (Shibata et al., 2010); however,
it occurs consistently under stress, such as the presence of
contaminants, after basal or non-autotomic amputations, in arm
explants, etc. (Candia Carnevali and Bonasoro, 2001; Sugni et al.,
2007; Di Benedetto et al., 2014b).

During visceral regeneration, transdifferentiation and
dedifferentiation of specialized adult cells are the main
mechanisms of cell recruitment, but the cells involved differ
in the species studied so far. While transdifferentiation of
coelomic epithelial cells apparently produces enterocytes
in A. mediterranea (Mozzi et al., 2006), in Himerometra
robustipinna the latter are generated by neurosecretory-like cells
(juxta-ligamental cells; Kalacheva et al., 2017). In H. robustipinna,
the employment of remodeling and dedifferentiation of adult
cells is further demonstrated by the fact that regeneration
normally proceeds even when proliferation is pharmacologically
inhibited (Kalacheva et al., 2017). While microscopy-based
investigations on the cellular source have been performed in this
echinoderm clade, at present no studies have been published
on the molecular signature of these cells or the presence and/or
expression of classic “stemness” markers. The only available
molecular investigation carried out in crinoids suggested the
expression of the BMP-like growth factor anbmp2/4 in Antedon
bifida regenerating arms (Patruno et al., 2003). Although the
true homology of anbmp2/4 awaits more in depth phylogenetic
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analyses, these data support a possible involvement of the TGFβ

superfamily in cell migration (Patruno et al., 2001), in agreement
with its key role during epithelial-mesenchymal interactions in
different regenerating animals (Ferretti and Géraudie, 1998).

In general, despite being phylogenetically relevant models
and to have exceptional regenerative abilities, there is a
remarkable lack of knowledge about crinoids, and they are
by far the least studied echinoderm clade, particularly from
a molecular perspective. Future studies should aim to address
this important gap.

Echinoidea
Regeneration studies in this clade have mainly focused on
pedicellariae, spines, tests (Hobson, 1930; Dubois and Ameye,
2001; Bonasoro et al., 2004) and tube feet (Reinardy et al.,
2015; Figure 3). Although differences in terms of numbers and
final differentiation were observed depending on the pedicellaria
type, regeneration apparently occurs through recruitment of
undifferentiated cells (Dubois and Ameye, 2001). In the case
of spines, a distinction between basally removed and broken
spines should be made (Dubois and Ameye, 2001). In the
former case, morphologically undifferentiated cells – regarded
as presumptive ASCs – are involved, whereas regeneration of
broken spines mainly relies on rearrangement of the stump
tissues and dedifferentiation. These same processes are also
employed during regeneration of the test, i.e., the calcareous
dermaskeleton enveloping most sea urchin organs (Bonasoro
et al., 2004). In particular, undifferentiated coelomocytes and
amebocytes, as well as differentiated phagocytes, are recruited
to the damaged area, and a blastema of undifferentiated,
proliferating cells is visible until the complete differentiation
of all the missing tissues. A contribution from dedifferentiated
myocytes has also been hypothesized (Bonasoro et al., 2004).

Overall, stem cell markers are poorly studied in adult tissue
regeneration in this clade. Nevertheless, a recent study on
spine and tube foot regeneration of different sea urchin species
has shown that vasa and piwi are present in both structures,
suggesting the presence of multipotent progenitor cells in these
somatic tissues (Reinardy et al., 2015; Bodnar and Coffman,
2016). Moreover, the Notch signaling pathway is essential for both
tube foot and spine regenerative processes (Reinardy et al., 2015).

Holothuroidea
Radial nerve cords and gut are the main tissues studied in sea
cucumber regeneration (Gibson and Burke, 1983; García-Arrarás
et al., 1998; Mashanov et al., 2008, 2013, 2014; Mashanov V.
et al., 2017; Mashanov V. V. et al., 2017; Okada and Kondo,
2019; Figure 4). Regeneration of both structures apparently relies
mainly on dedifferentiation and subsequent re-differentiation
processes. In the radial nerve cords, the supporting cells
(radial glial cells) close to the amputation site react to injury
by dedifferentiating and then re-differentiating into the same
cytotype, as well as into newly specialized neurons (Mashanov
et al., 2008, 2013). In this sense, the radial glial cells can be
considered a differentiated local source of new neural elements
as well as new supporting cells necessary for the regrowth of
the nerve structure (Mashanov and Zueva, 2019). As such, their
potency would be rather restricted. Besides local radial glial cells,

a contribution of migrating cells from more “distant” regions of
the stump is also present, although their nature remains to be
clarified (Mashanov V. et al., 2017). Indeed, radial nerve cord
regeneration occurs even after proliferation is inhibited, thanks to
cell recruitment from stump tissues, suggesting that the balance
between cell migration and proliferation is highly plastic and
finely regulated, eventually ensuring the complete restoration of
the missing structures. The absence of “stemness” transcripts
during radial nerve cord regeneration further supports the major
employment of reprogramed adult differentiated cells rather
than the recruitment of resident adult undifferentiated cells
(Mashanov et al., 2014).

During gut regeneration, dedifferentiation mainly occurs
in muscle tissue (Candelaria et al., 2006; García-Arrarás and
Dolmatov, 2010) and cell supply is ensured through epithelial-
mesenchymal transition (EMT; see glossary) (García-Arrarás
et al., 2011). Mesothelial cells ingress in the underlying connective
tissue layer and become mesenchymal cells that then migrate
toward the regenerating intestine. Regeneration of missing parts
(e.g., neural cord/ring, digestive tract, water vascular system)
after fission in Cladolabes schmeltzii occurs via dedifferentiation,
proliferation and migration of the respective remaining ends
(Kamenev and Dolmatov, 2017). Here, epithelial morphogenesis
is the key regenerative mechanisms that allows reconstruction of
the missing body parts, and regeneration is basically restricted
within cell/tissue types.

Dedifferentiation is also evident from molecular analyses
with the use of specific markers identified in the regenerating
transcriptome of Apostichopus japonicus (Sun et al., 2011).
Genes and proteins linked to cell migration, proliferation and
differentiation have been detected in Holothuria glaberrima
intestinal regeneration during the first 2 weeks of regeneration
(Rojas-Cartagena et al., 2007; Ortiz-Pineda et al., 2009; Mashanov
et al., 2012). Mashanov et al. (2015) observed the expression
of pluripotency factors/markers in adult uninjured tissues of
the sea cucumber H. glaberrima as well as in regenerating
tissues, although a specific coordinated regulation is not evident.
In particular, soxB1 is downregulated during gut regeneration,
whereas myc is upregulated in both regenerating gut and
radial nerve cord, suggesting that dedifferentiation of adult
cells occurs in both tissues but depends on different gene
regulatory pathways (Mashanov et al., 2015). Furthermore,
homologs of mammalian intestinal stem cell markers such
as Bmi1 are apparently expressed in both luminal epithelium
and mesothelium (coelomic epithelium) of non-regenerating
digestive tube, in particular in the peritoneocytes of the coelomic
epithelium (Mashanov V. V. et al., 2017). Besides putative
pluripotency factors, Li et al. (2017) studied the dynamic
expression changes of Wnt signaling pathway ligand WntA
during A. japonicus intestinal regeneration. The correlation
between WntA expression and cell cycle activity at different stages
led the authors to suggest that this gene might participate in
wound healing and regeneration, possibly via either direct or
indirect influences on cell proliferation and apoptosis.

Ophiuroidea
Regeneration of autotomized and traumatically amputated arms
as well as arm explants has been extensively studied in this
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clade starting in the early 1900s (Dawydoff, 1901; Zeleny,
1903; Morgulis, 1909; Thorndyke et al., 2003; Dupont and
Thorndyke, 2006; Biressi et al., 2010; Duque-Alarcon, 2015;
Czarkwiani et al., 2016; Ferrario et al., 2018; Figure 5). Recent
studies have shown that a true blastema of mesenchymal
and scattered undifferentiated cells is not present (reviewed
in Ben Khadra et al., 2018b). Rather, the regenerative bud is
mainly formed by the outgrowth of the main axial structures
(aboral coelomic cavity, water vascular system and radial
nerve cord), whose cells undergo dedifferentiation and acquire
an undifferentiated morphology, although they maintain their
epithelial features (Biressi et al., 2010; Czarkwiani et al.,
2016). Once dedifferentiated, after the end of the repair phase,
these cells start to proliferate, as demonstrated by 5-bromo-
2’-deoxyuridine (BrdU) and 5-ethynyl-2’deoxyuridine (EdU)
labeling experiments. Proliferating cells are always present at
the tip of the regenerate, just behind the differentiated terminal
ossicle, suggesting that the distal-most tips of the three axial
structures are actively involved in the constant re-growth of
the structures themselves and of the regenerates (Biressi et al.,
2010; Czarkwiani et al., 2016; Canavesi, 2018). Therefore, unlike
crinoids and similarly to holothuroids, echinoids and asteroids
(see below), regeneration mainly relies on recruitment of adult
differentiated cells via dedifferentiation. It has been suggested
that cells generating sclerocytes are recruited from the aboral
coelomic cavity epithelium, migrate as progenitor-like cells and
re-differentiate in situ (Piovani, 2015). In this case, EMT may
occur to ensure the recruitment of new cells.

Muscles are largely used as a source of putative
dedifferentiating myocytes (Biressi et al., 2010; Czarkwiani
et al., 2016). Muscle remodeling has also been detected
molecularly in A. filiformis, where a zonadhesin-like protein
has been identified, particularly in the first stages of arm
regeneration (Burns et al., 2011; Purushothaman et al., 2015).
In the same species, two genes involved in cell migration are
expressed in cells within the radial water canal of the regenerate,
suggesting the importance of the radial water canal as a source
of cells for regeneration (Bannister et al., 2005, 2008). However,
histological and ultrastructural observations suggest that the
aboral coelomic cavity epithelium is the main provider of the
cellular material involved in regeneration (Biressi et al., 2010;
Piovani, 2015; Czarkwiani et al., 2016). Regardless of their origin,
cells of the regenerate require the proper orchestration of several
processes, including cell migration and proliferation, as well as
an appropriate extracellular matrix environment and immune
system signals (Ferrario et al., 2018, 2020). Mashanov et al. (2020)
recently proposed the Notch pathway as a putative key director
of this signaling cross-talk. Further analyses will be crucial to
improve our understanding of the origin of cells involved in
brittle star regeneration.

Asteroidea
Arm explant and arm regeneration, after both traumatic and
auto-induced mutilations, have been investigated to understand
which cells, genes and proteins are involved in these processes
(Figure 6). Recruitment of adult resident undifferentiated cells
is much less evident in asteroids than in crinoids: the pyloric

caeca and the coelomic epithelium have been proposed as
sources of presumptive stem/progenitor cells, but in both cases
dedifferentiation of the highly specialized cells of these tissues
probably occurs prior to recruitment (Hernroth et al., 2010;
Sharlaimova et al., 2010; Sharlaimova and Petukhova, 2012;
Ben Khadra et al., 2015b, 2017, 2018b). As described for the
ophiuroids, at the onset of the early regenerative phase, the
dedifferentiated cells at the tip of the re-growing structures, as
well as epidermal cells, undergo intense proliferation (Mladenov
et al., 1989; Moss et al., 1998). Stump tissue rearrangement
and cell dedifferentiation are much more commonly employed,
especially in the case of muscle tissues (Ben Khadra et al., 2015a,b,
2017). Therefore, the coelomic myoepithelia might be regarded
as one of the cellular sources for arm regeneration, while the free
wandering undifferentiated coelomocytes may be tissue-specific
stem cells producing only other coelomocytes (Sharlaimova et al.,
2014; Ben Khadra et al., 2018b). Cells recruited from these tissues
perform EMT to actively migrate within the dermal tissue toward
the regenerating area, possibly recruited by specific signals
coming from the damaged region (Ben Khadra et al., 2018b).

The few data available on “stemness” markers are not related
to adult regeneration but to that of the bipinnaria larvae of Patiria
miniata, where a vasa gene has been identified (Oulhen et al.,
2016). Recent work has also shown that genes involved in a
diverse array of pathways are expressed during anterior and/or
posterior larval regeneration at different stages (Cary et al., 2019),
suggesting that molecular signaling commonalities might exist
between sea star larval regeneration and whole body regeneration
of other metazoans.

In addition to “stemness” markers, the expression of Wnt
genes have been detected during Echinaster sepositus arm
regeneration, in particular during the first 3 days after damage
and late during arm re-growth (Ben Khadra et al., 2018a),
suggesting their involvement during both wound healing and
morphogenetic processes. Ferrario et al. (2018) also isolated a
fibrinogen-like gene in this species, underscoring the importance
of the immune system in the initial phases of regeneration.

HEMICHORDATA

Unlike echinoderms, from which they diverged 559 Mya
(Simakov et al., 2015), hemichordates have a more archetypical
body plan with clear bilateral symmetry and anteroposterior
identity (Figure 7). Within the phylum, the two clades
Enteropneusta (acorn worms) and Pterobranchia show a
diversity of lifestyles, with solitary and tubiculous colonial forms,
respectively (Röttinger and Lowe, 2012). Recent fossil evidence
of a stem echinoderm, Yanjiahella biscarpa, suggests that the
enteropneust body plan is ancestral within the hemichordates
(Topper et al., 2019), indicating that enteropneusts might be most
informative for highlighting any conserved mechanisms across
ambulacrarians. Although there is currently no information
about regeneration in pterobranchs (Rychel and Swalla, 2009),
their asexual mode of reproduction by budding and colony
regeneration after episodes of mortality (Rigby, 1994) suggest
that they are likely to regenerate well, as do many colonial
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FIGURE 7 | Hemichordata. (A) Schematic longitudinal section of an adult solitary enteropneust hemichordate (Ptychodera). Only the internal anatomy of the
proboscis (prosome), collar (mesosome) and the anterior part of the trunk (metasome) containing the branchial region are shown. The external gill pores, genital
wings with gonads, hepatic sacs and posterior trunk with terminal anus have been omitted for clarity. (B) Cross section through the body wall posterior to the
branchial region. The dorsal and ventral nerve cords and associated blood vessels are easily distinguished (credits: Alessandro Allievi).

tunicates (see below). This is supported by extensive fossil
data of regeneration in the extinct graptolites (e.g., Urbanek,
1963, and many others), now considered to be related to
modern rhabdopleuran pterobranchs (Mitchell et al., 2013). In
contrast, regenerative ability is well documented and widespread
in adult enteropneusts, particularly in the indirect developing
Ptychoderidae (e.g., Willey, 1899; Dawydoff, 1909, 1948; Rao,
1955; and reviewed extensively in Rychel and Swalla, 2009).
The direct developing harrimaniid enteropneusts, on the other
hand, appear to regenerate less well than ptychoderids (Tweedell,
1961) or not at all (Rychel and Swalla, 2009). To our knowledge,
there are no data on regeneration in the Torquaratoridae, but
in the Spengelidae Glandiceps hacksi is reported to autotomize
and regenerate the caudal portion (Urata et al., 2012). Evidence
of asexual reproduction by fission and paratomy in different
groups likely goes hand in hand with regenerative ability
(Miyamoto and Saito, 2010; Worsaae et al., 2012). Here, we will
describe the current state of the art of regeneration research
on enteropneusts, and where known, the cellular and molecular
players in the process.

Regeneration of anterior structures is generally considered to
be more common than posterior regeneration in hemichordates
(Rychel and Swalla, 2009). However, regenerate success and
quality depend on the level of amputation or autotomy, the

system studied, and the health of individuals (Willey, 1899;
Tweedell, 1961; Nishikawa, 1977; Rychel and Swalla, 2009;
Humphreys et al., 2010; Urata et al., 2012; Arimoto and Tagawa,
2018). As in other systems, regenerative success may also
vary according to animal maturity (e.g., Tweedell, 1961) or
developmental stage, as tornarian larvae of Ptychodera flava
can regenerate when cut along the axial, sagittal and coronal
planes (Luttrell et al., 2018). In most cases, both proliferation-
dependent processes and tissue remodeling are assumed, but
not always clearly demonstrated. For instance, blastemas have
been described during anterior regeneration in Balanoglossus
simoidensis (Miyamoto and Saito, 2010), but proliferation has
only been carefully analyzed in P. flava, where dividing cells
have been clearly labeled with PCNA antibody in the epidermis
and mesenchyme of the trunk “coelom” during proboscis and
collar regeneration (Rychel and Swalla, 2008). After proboscis
regeneration, an “insertional blastema” appears between the new
proboscis and the mature body (Humphreys et al., 2010). Gill slits
form in areas previously shown to be hepatic sacs, with increased
apoptosis of endoderm as assayed by TUNEL (Rychel and Swalla,
2008), suggestive of tissue remodeling. Mobilization of stem cells
at a distance from the wound site also cannot be ruled out.

In hemichordates, there is so far no evidence of neoblast-
like or totipotent stem cells possessing the characteristically
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large nuclear/cytoplasmic ratios. During regeneration of the
proboscis in adult B. simoidensis (Miyamoto and Saito, 2010),
the blastema is filled with apparently undifferentiated cells. Any
fragments containing genital or branchial regions (and which
include gonads) regenerate completely with rapid wound healing
and blastema formation. In contrast, animals that lack such
fragments – although they can survive for long periods – show
delayed wound healing and blastema formation processes and
are generally unable to form lost body parts. Few mesenchymal
cells were seen associated with the cut surfaces in this case.
Mesenchymal-like (undifferentiated) cells appear throughout
the trunk (Miyamoto and Saito, 2010) and also contribute to
regenerating structures in P. flava associated with the nerve layer
(Rychel and Swalla, 2008), but their origins are unclear. Evidence
that regeneration occurs in fragments with gonads may also
suggest migration and contribution of germ-like cells, although
neither hypothesis has been formally tested. Citing unpublished
EST and gene expression data, Arimoto and Tagawa (2018)
argue that hemichordate regeneration is likely dependent upon
dedifferentiated cells reacquiring multi/pluripotency, rather than
the existence of resident stem cells. So far, there is no conclusive
evidence for direct transdifferentiation from one cell type to
another in hemichordates. However, while posterior regeneration
by amputation of the trunk through the hepatic region
(which removes the pygochord) in P. flava does not produce
an obvious blastema, the pygochord nevertheless regenerates.
The pygochord is a vacuolated chord-like midline structure,
associated with the ventral wall of the hindgut, and located within
the pre-anal posterior region of some enteropneusts (Willey,
1899). Its evolutionary origin and homology are still unclear
(Willey, 1899; Annona et al., 2015; Yoshimura et al., 2019), but
elucidating the cellular origins of the regenerating pygochord
may help shed light on these problems. During regeneration,
it arises quite late in the process [14 days post-amputation
(dpa)] ventrally from the gut wall, associated closely with a
blood vessel between the gut epithelium and the ventral nerve
cord. This, combined with gene expression (see below) and
the loss of the hepatic sacs during regeneration may support
transdifferentiation (Yoshimura et al., 2019). Alternatively, it
might suggest the existence of circulating stem cells associated
with the blood vessel, similar to the hemoblasts seen in tunicates
such as Botryllus schlosseri (Ballarin and Cima, 2005).

The few molecular data that exist for hemichordate
regeneration have been generated in P. flava. Luttrell et al. (2016)
amputated adults between the genital wings and the hepatic
sacs to study gene expression profiles during the first 4 days
of anterior regeneration. They uncovered complex patterns
of differentially expressed gene clusters, a large percentage
of which play roles in differentiation, cell proliferation and
morphogenesis, or are part of Wnt, FGF and Notch signaling
pathways. So far, none of these putative players has been
validated in situ. However, Arimoto and Tagawa (2018) report
ongoing expression studies of some of the gene families related
to vertebrate pluripotency factors (such as Klf, Sox and POU
domain transcription factors) that were previously identified as
differentially expressed (Luttrell et al., 2016). In such a candidate
approach, Humphreys et al. (2010) that SoxB1 is expressed in

the nascent proboscis. Similarly, Hedgehog (Hh) is expressed
in the pharyngeal region, reminiscent of its expression during
development (Arimoto and Tagawa, 2015). However, the absence
of Hh expression in the anterior tip of the regenerating proboscis
during regeneration was unexpected, leading the authors to
suggest that in enteropneusts, Hh signaling plays a role specific
to the regeneration process (Arimoto and Tagawa, 2015). We
were unable to identify any members of the Hh pathway in the
up- or down-regulated gene clusters reported in the large-scale
transcriptional profiling study of Luttrell et al. (2016). Although
this does not exclude the possibility that this reflects limitations
of study design or statistical power, the data lend support to the
idea that anterior regeneration does not strictly recapitulate the
developmental program in P. flava (Luttrell et al., 2016). This
may also reflect a general lability in the timing of regenerative
events both within the species and relative to development,
specifically when comparing the sequence of appearance of the
nerve cord, the collar, the proboscis and the gill slits (Nielsen
and Hay-Schmidt, 2007; Humphreys et al., 2010; Luttrell
et al., 2016). In any event, the identification of differentially
expressed transcription factors associated with brain formation
in chordates, including homeobox factors, paves the way for
further study comparing anterior regeneration and development
in hemichordates. Finally, the regenerating pygochord expresses
a unique combination of genes distinguishing it as having
a specific cellular identity (Fcol+, MHC−, elav+) relative to
muscle (Fcol+, MHC+), or gut epithelium (Fcol−, MHC−), but
shared with some gut cells and the ventral nerve cord (elav+;
Yoshimura et al., 2019). It is not clear if some of these elav+ gut
cells are in fact neurons embedded within the gut epithelium,
but this intriguing result may suggest that the pygochord
dedifferentiates from the gut epithelium (Yoshimura et al., 2019).
Additional molecular markers might help resolve the origins of
the regenerating pygochord.

CEPHALOCHORDATA

Cephalochordates (Clade Leptocardii; also called “amphioxus”
or “lancelets”) are the earliest diverging invertebrate chordates
(Figure 1A) and share the most similar body plan to that
of vertebrates (Bourlat et al., 2006; Delsuc et al., 2006,
2008; Figure 1B). The three extant genera of cephalochordate
(Asymmetron, Branchiostoma and Epigonichthys) include 30 or
so species, all of which are considered to belong to a single
family, the Branchiostomatidae (Poss and Boschung, 1996).
Regeneration has been described in a number of species of
Branchiostoma as well as in Asymmetron lucayanum (Andrews,
1893; Probst, 1930; reviewed in Somorjai, 2017), most notably of
the tail, a key chordate feature consisting of notochord, dorsal
nerve cord and segmented musculature (Figure 8). Anterior
regeneration, or posterior regeneration of animals amputated
anterior to the anus, are generally poor (Somorjai et al., 2012b).

Tail regeneration in Branchiostoma lanceolatum and
B. japonicum is considered to occur via the formation of a true
blastema (Somorjai et al., 2012b; Liang et al., 2019) consisting
of at least superficially undifferentiated proliferating cells.
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FIGURE 8 | Cephalochordata. (A) Schematic drawing of an adult cephalochordate (Branchiostoma). The gonads and lateral musculature (myomeres) overlying the
nerve cord, notochord and digestive system have been omitted for clarity. Unlike other chordates, the notochord is a muscular structure in cephalochordates. The
thickening of the anterior nerve cord corresponding to the brain is called the cerebral vesicle, and has a single photoreceptor at its terminus, the frontal eye. The
circulatory system is not shown. (B) Cross section through the pharyngeal region. Although generally considered to be bilaterally symmetric as adults, with rows of
gonads running along either side of the body, the hepatic diverticulum is located on the left side of the pharynx/branchial basket. The endostyle, which runs along the
base of the pharynx, is a homolog of the vertebrate thyroid. (C) Cross section through the post-anal tail. Note the dorsal and ventral tail fins and the proportionally
greater size of the nerve cord and notochord (credits: Alessandro Allievi).

Treatment with hydroxyurea, an inhibitor of DNA replication,
in the early stages of regeneration (2-5 dpa) results in smaller
tails, further supporting a role for cell proliferation (Wang et al.,
2019). The source is still unknown, but may include a population
of resident stem cells associated with myofibres, termed muscle
satellite-like stem cells, dedifferentiated muscle fibers generated
as the myosepta near the amputation plane degenerate (Somorjai
et al., 2012b), or even coelomocytes. In contrast, the regenerating
nerve cord may arise from proliferating nerve cord precursors
directly, as described for some echinoderm species. The
notochord – a muscular rod in amphioxus that is maintained
into adulthood – appears to employ a dedifferentiation process,
as the differentiated “stack of coins” appearance typical of the
mature notochord is lost anterior to the amputation plane in
the early stages, reappearing later as the regenerating notochord
elongates and differentiates (Somorjai et al., 2012b). However,
the contribution of notochord stem cells or progenitors cannot
be ruled out. In any case, faithful regeneration can be induced
multiple times in the same animal (Somorjai et al., 2012a),
indicating that any stem cell reservoirs involved are not limiting,
at least in young animals. Genetic lineage tracing will be required
to really identify the different cellular mechanisms underlying
this complex regeneration process.

In contrast to the tail, the regeneration of the oral cirri (Kaneto
and Wada, 2011; Somorjai et al., 2012a,b) – non-mineralized
skeletal rods surrounding the mouth opening – may proceed
without blastema formation, as no increase in cell proliferation
was observed in regenerates compared to uncut cirri using an
antibody for phosphorylated Histone H3, a marker for cells
in the M-phase (Kaneto and Wada, 2011). In this case, the
mesenchymal cells contributing to the regenerating cirri must
arise from alternative cellular sources at a distance from the
wound via migration. Alternatively, slow cycling stem cells may
simply not have been labeled by the methodology employed.

The molecular basis of regeneration in cephalochordates is still
poorly characterized, but transcriptomic data in B. lanceolatum
and B. japonicum indicate that signaling pathways such as BMP,
Wnt and Notch are involved (Dailey, 2017; Somorjai, 2017; Liang
et al., 2019), as well as ROS (Dailey, 2017; Liang et al., 2019), an
important conserved early signal in a number of regeneration
contexts linking apoptosis and proliferation to wound healing
and regeneration (Pirotte et al., 2015; Romero et al., 2018). Of
these, Wnt and BMP are the best characterized. Broad expression
of wnt5 and accumulation of beta-catenin protein in the
membranes of the tail blastema cells may argue for a role of non-
canonical Wnt signaling in regeneration (Somorjai et al., 2012a).
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Conversely, identification in the blastema of transcripts of sp5,
a downstream target of beta-catenin-dependent Wnt signaling
during amphioxus development, suggests that canonical Wnt
function also operates during regeneration (Dailey et al., 2017).
Msx, a marker for undifferentiated cells as well as a target of
BMP signaling, and chordin, a BMP antagonist, are also expressed
in B. lanceolatum regenerates (Somorjai et al., 2012b). Recently,
it has also been shown that bmp2/4 is expressed in wounds in
B. japonicum, both those that induce regeneration and those that
do not, suggesting a more general role in the repair process and
not just regeneration per se (Liang et al., 2019). In this context,
results showing that the implantation of Noggin-soaked beads
at the amputation site and injection of bmp2/4 morpholinos –
both of which should reduce BMP signaling – cause degeneration
of tails (Liang et al., 2019) deserve further attention. Other
genes expressed during tail regeneration include soxB2, the
cephalochordate ortholog of sox17/21 in vertebrates, and pax3/7
(transcripts and protein). Both are expressed in the nerve cord,
while pax3/7 is also expressed in blastema cells and in cells
that might constitute muscle satellite-like stem cells (Somorjai
et al., 2012b). There are in fact two Pax3/7 genes in amphioxus,
pax3/7a and pax3/7b, arising from a cephalochordate-specific
tandem duplication event, and which were originally identified in
a tail regenerate transcriptome in B. lanceolatum (Somorjai, 2017;
Barton-Owen et al., 2018). Studies elucidating their differential
roles during regeneration are currently underway.

Cirrus regeneration is much less well characterized than
tail regeneration molecularly. Skeletogenesis genes soxE and
runx, as well as extracellular matrix (ECM) genes including
SPARC/SPARCL and the fibrillar collagens fcol1 and fcol2, are
expressed in mesenchyme cells during oral cirrus regeneration
in B. japonicum (formerly classed as B. belcheri) (Kaneto and
Wada, 2011), suggesting a recapitulation of developmental gene
programs, similarly to tail regeneration. However, how the
molecular and cellular processes underlying regeneration in
amphioxus are integrated remain unknown. Detailed analyses
of the expression patterns of more genes identified using
transcriptomic approaches during regeneration will be invaluable
in our understanding of the cellular basis of regeneration
in cephalochordates.

TUNICATA

Tunicates or urochordates are invertebrate chordates considered
the sister group of vertebrates (Bourlat et al., 2006; Delsuc
et al., 2006, 2008; Figure 1A). They are marine filter-
feeders, benthic or pelagic, classically subdivided into Ascidiacea
(ascidians), Thaliacea (salps and pyrosomes) and Larvacea
(appendicularians), although the internal interrelationships
among the various taxa are still controversial (Stach et al., 2010).
Tunicates owe their name to the distinctive covering embedding
the body -the tunic- a cellulose-containing structure unique in
the animal kingdom (Deck et al., 1967; Welsch, 1984; Van Daele
et al., 1992), whereas the name “urochordates” comes from the
notochord, the supporting rod characterizing chordates, here
limited to the larval muscular tail. Almost all tunicate species have

a swimming tadpole-like larva that metamorphoses into a highly
derived and specialized juvenile, with a dramatic change of body
organization (Stolfi and Brown, 2015).

Tunicates include both solitary and colonial species
(Figure 1B): the latter are unique among chordates as they
are capable of asexual reproduction by budding (Brown and
Swalla, 2012). Their particular phylogenetic position has
attracted considerable interest; however, the regenerative
capabilities of the group have only been studied in a handful of
species of solitary and colonial ascidians. Regeneration studies
started in the late XIX century as investigators/scientists were
fascinated by the ability of ascidians -unusual among metazoans-
to regenerate a functional brain (Berrill, 1951; Jeffery, 2015a).
Today, the availability of genomes and transcriptomes of an
increasing number of tunicate species is leading to new analyses
of the regenerative process and a better understanding of the
molecules and signaling pathways involved. Below, we provide
an updated review of the main advances in our knowledge of
regeneration in ascidians.

Solitary Ascidians
Tunic Regeneration
The tunic can easily be detached from the body wall. Old
experiments demonstrate that, at least in Ciona intestinalis,
Ascidia mentula and Ascidiella aspersa, it is easily and rapidly
reformed by the underlying epidermis (Fol, 1908; Azéma, 1927;
Pérès, 1948).

Partial Body Regeneration
Solitary ascidians (Figures 1B, 9A) are capable of partial body
regeneration (Gordon et al., 2019). Jeffery and collaborators
have studied the process in detail in adults of the species
Ciona robusta, previously referred as Ciona intestinalis type A
(Caputi et al., 2007). When animals are bisected, the posterior
(proximal) region of the body, containing viscera, can regenerate
the anterior (distal) part, including the brain, provided that it
contains at least a part of the pharynx. Conversely, the anterior
part of the body cannot regenerate any of the proximal structures
(Jeffery, 2015a,b). Even when the animal is cut in three parts
along the proximo-distal axis, the middle section can reform
the distal part (Jeffery, 2015b). This implies that the pharynx is
important for regeneration, and is crucial for the replacement of
distal body parts.

Regeneration of the oral siphon in Ciona received considerable
interest in the past (Wermel, 1930; Sutton, 1953; Whittaker,
1975). Recently, Jeffery (2015a,b) demonstrated that both short-
distance and long-distance processes are involved in the process.
Short-distance regeneration occurs when the siphon is amputated
at its tip, and leads to the replacement of the oral pigment organs
(OPOs) and of the very distant part of the siphon. This kind of
regeneration does not require cell proliferation; neither labeling
with the cell proliferation maker EdU nor effects of proliferation
inhibitors colchicine or nocodazole are observed (Jeffery, 2015b).
It relies on small aggregates of stem/progenitor cells already
present in the siphon, activated by the injury (Auger et al., 2010;
Jeffery, 2015b).
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FIGURE 9 | Schematic drawings showing the anatomy of (A) a solitary ascidian, (B) a botryllid colonial ascidian, and (C) the organization of the neural complex of a
solitary ascidian (credits: Alessandro Allievi).

Long distance regeneration leads to the formation of new
circular muscle fibers and neurons, and requires the activity of
stem/progenitor cells originating in the pharyngeal region. These
migrate distally where they form a blastema, with a well-defined
proliferation zone, in the proximal region of the siphon stump
(Auger et al., 2010). When the siphon is amputated at its base,
only long-distance regeneration occurs, with stem/progenitor
cells from the pharyngeal region forming both the blastema and
the OPOs (Jeffery, 2015b).

The stem/progenitor cells originate in the lymph nodes,
typical stem cell niches located in the transverse vessels of

the pharynx, where alkaline phosphatase positive, piwi-positive
and EdU-labeled cells reside (Jeffery, 2015b). The lymph nodes
are hematopoietic organs, involved in the renewal of the
circulating hemocytes (Ermak, 1976). From the pharynx vessels,
EdU positive-cells migrate into the regeneration blastema after
the amputation of the siphon. This has been confirmed by
transplanting the pharynx from small animals, labeled with EdU,
into the pharynx of larger animals: in this case EdU-labeled
cells can be found in the regeneration blastema (Jeffery, 2015b).
Regenerative abilities decline with age, up to their complete
disappearance, due to the depletion of stem cells in the branchial
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sac, as supported by the severe reduction of alkaline phosphatase-
and piwi-positive cells in the pharyngeal region (Jeffery, 2015c,d).

Regenerative activity requires the Notch signaling pathway:
specific inhibitors can inhibit stem cell proliferation and muscle
differentiation (Hamada et al., 2015). In addition, the TGFβ

signaling pathway is also required, as pathway-specific inhibitors
completely block regeneration (Spina et al., 2017). Moreover,
during regeneration, a number of miRNAs involved in the
modulation of Wnt, TGFβ and MAPK signaling are expressed
(Spina et al., 2017). The underlying epidermis forms the new
tunic (Jeffery, 2015a).

As reported above, an outstanding feature of solitary ascidians
is their ability to regenerate the central nervous system, which
in adult animals is formed by the cerebral ganglion, lying above
the front end of the pharynx between the two siphons. It
is usually associated with the neural gland, which opens on
the roof of the pharynx with its ciliated duct and the dorsal
strand, an epithelial organ located at the caudal-most part of
the gland (Burighel and Cloney, 1997; Figure 9C). Collectively,
the cerebral ganglion and the neural gland form the neural
complex (NC), which undergoes complete regeneration within
a month after its ablation (Dahlberg et al., 2009). Four stages
have been identified in the regeneration of the neural complex:
i) wound healing, ii) merging and growing of nerves toward
the wound region, iii) structural regeneration of the ganglion
and iv) functional regeneration and recovery of all the neural
complex structures. The growth of nerves is associated with
the gathering and proliferation of stem/precursor cells at the
tips of the ablated nerves. The origin of these cells is still a
matter of debate: they may be undifferentiated hemocytes leaving
the circulatory system, undifferentiated cells migrating from the
dorsal strand, where extensive proliferation has been observed
upon NC ablation, or cells recruited from the mini-ganglia along
the nerves, outside the ganglion (Dahlberg et al., 2009).

Even the gonads can regenerate in Ciona, implying that
germ cells derive from somatic stem cells located outside the
gonad that can regain pluripotency (Bourchard-Madrelle, 1966;
Jeffery, 2015a). This assumption was recently confirmed by the
observation that somatic cells can be converted into germ cells
by the removal of primordial germ cells at the larval stage, by
cutting off the portion of the tail in which they reside (Yoshida
et al., 2017). Complete regeneration of the siphons has also been
observed in Polycarpa mytiligera, Styela plicata and Herdmania
momus (Gordon et al., 2019).

An unusual type of regeneration has been observed in the
species Polycarpa tenera and P. mityligera, which can eject
their viscera as a defense mechanism when subjected to stress
conditions. P. mityligera can rebuild the branchial sac and gut in
less than 20 days (Shenkar and Gordon, 2015), but studies on the
cells and molecules involved in the process are still lacking.

Colonial Ascidians
Colonial ascidians (Figures 1B, 9B), together with pyrosomid
Thaliaceans, are the only chordates capable of asexual
reproduction. The ability to produce new individuals by
various types of budding (reviewed in Kürn et al., 2011; Alié
et al., 2020) suggests the presence/recruitment of stem cells or

the ability of somatic cells to de-differentiate and re-acquire
stem cell properties. Furthermore, in addition to partial body
regeneration, colonial ascidians have the capacity for whole body
regeneration. Usually, regeneration is not common in compound
ascidians, as damaged or injured zooids are simply resorbed and
new buds will mature to functionality to replace them. However,
in botryllid ascidians, both partial and whole body regeneration
have been described.

Partial Body Regeneration
Zooid regeneration
Several old studies deal with regeneration of zooids after
amputation in Clavelina lepadiformis and Archiascidia
neapolitana (Brien, 1930, 1932). In both species, regeneration
occurs in both the anterior and posterior cut surfaces and
requires the proliferation of cells of the pharyngeal or epicardial
epithelium, the epicardium being a thin ventral cavity of
pharyngeal origin in the zooid abdomen (Berrill, 1948).

Blastogenetic regeneration
In styelid ascidians, palleal budding, i.e., the formation of
buds from the lateral mantle (formed by the epidermis, the
peribranchial epithelium and the connective tissue between
them) is the most common type of budding. In these animals,
so-called “blastogenetic regeneration” has been described (Sugino
and Nakauchi, 1987). The term indicates the regeneration of a
colony from fragments of buds which, after healing of the cut
surfaces, emit new buds before being progressively resorbed. The
process was initially described in B. schlosseri (Majone, 1977). In
this species, three blastogenetic generations are usually present
in a colony: adult, filtering zooids, their buds stemming from
the mantle sides and the budlets on buds (Manni et al., 2007).
Colonies undergo cyclical (weekly at 20◦C) generation changes
during which adults are progressively resorbed and replaced
by their buds, which reach adult size and open their siphons;
meanwhile, budlets become buds and a new budlet generation
appears (Manni et al., 2007). When, in young colonies, both
adults and budlets are removed as well as the posterior part of
the buds, the anterior bud fragment, -containing the oral siphon,
the neural complex, and parts of the branchial basket and the
endostyle- can regenerate a whole zooid. It remains connected to
the tunic circulation via the radial vessel, which regresses within
24 h post-operation, and new vessels sprouted from the marginal
vessel connecting the bud fragment. In the subsequent 4 days,
the internal tissues lose their morphology and progressively
transform into a mass of cells. Five to 6 days after the operation,
several new budlets have sprouted from the original bud remain:
only one of them gives a distinguishable bud, able to reach
adulthood (Majone, 1977). A similar regeneration process has
been described in Symplegma reptans (Sugino and Nakauchi,
1987) and was also reported in Polyandrocarpa misakiensis (Oda
and Watanabe, 1982; Sugino and Nakauchi, 1987). No data on
the cell types or the genes involved in blastogenetic regeneration
are present in the literature. However, recent studies on whole
body regeneration (see below) can shed some light on the
aforementioned processes.
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Colonial circulatory system regeneration
The colonial ascidian B. schlosseri is able to reform the tunic
and the colonial vasculature within 24–48 h of experimental
removal (Zaniolo and Trentin, 1987; Gasparini et al., 2008,
2014; Tiozzo et al., 2008). CCS regeneration is preceded by
the proliferation of epidermal cells, as revealed by staining
with anti-PCNA antibodies, and the formation of new tunic
in the damaged region (Gasparini et al., 2008). Both cells
detaching from the epidermis and hemocytes entering the tunic
contribute to reform the normal tunic cell endowment. Vessel
regeneration occurs by sprouting from the vessel remnants
and is stimulated by vertebrate vascular endothelial growth
factor (VEGF) and epidermal growth factor (EGF) injected into
the circulatory system. In addition, antibodies raised against
vertebrate fibroblast growth factor-2 (FGF-2), VEGF, EGF and
the receptors VEGFR1 VEGFR2 and EGFR recognize the apex
of the tubular sprouts (Gasparini et al., 2008, 2014). The
involvement of the VEGF pathway has been confirmed by
the observation that both knock-down of the Botryllus VEGF
receptor (VEGFR) gene and chemical inhibition of VEGFR block
vascular regeneration (Tiozzo et al., 2008). Cell tracing methods
suggest that regeneration is supported by the proliferation
of vascular resident cells without the contribution of mobile
progenitors (Braden et al., 2014).

Whole body regeneration
In this type of regeneration, fragments of a colony containing
only the colonial matrix (i.e., the tunic and part of the
colonial vasculature) can form new buds (and therefore new
zooids) from aggregates of circulating cells. These possess
characteristic features of stem cells, such as small size and
high nucleus/cytoplasm ratio, and are in contact with the
epidermis lining the vasculature (Rinkevich et al., 1995, 2007a,b;
Voskoboynik et al., 2007; Brown et al., 2009).

One of the first reports of WBR is that of Berrill and Cohen
(1936) in Clavelina lepadiformis. In this species, experimental
fragmentation of the stolon leads to the formation of new zooids,
provided that the stolon is of adequate size. Circulating cells of
the stolon fragment aggregate and reorganize to form an empty
vesicle lined by the stolon epidermis, a situation similar to the
double vesicle stage of botryllid ascidians (see below). WBR has
also been reported in Clavelina moluccensis (Davis, 1988).

In B. schlosseri, WBR occurs only after the extirpation of all
zooids and buds from the colonial matrix in colonies approaching
or undergoing the generation change (Milkman, 1967; Sabbadin
et al., 1975; Voskoboynik et al., 2007; Kürn et al., 2011; Ricci
et al., 2016). Buds maintain the asymmetry of the parental colony,
suggesting a role for the colonial matrix in the transmission
of bilateral asymmetry to the newly formed vascular buds
(Sabbadin et al., 1975).

WBR closely resembles vascular budding, a spontaneous
formation of new buds from the vessels of the vascular system,
first described in botryllid ascidians more than 200 years
ago (Savigny, 1816) and observed and described again by
Giard (1872); Bancroft (1903) and Herdman (1925). Vascular
budding of botryllid ascidians is frequently associated with the
process of estivation or hibernation (e.g., in Botrylloides leachii),

during which colonies resorb their zooids to overcome adverse
periods and reform their zooids from the tunic vessels when
environmental conditions turn milder (Bancroft, 1903; Oka and
Watanabe, 1959; Burighel et al., 1976; Atsumi and Saito, 2011).
In Botryllus primigenus, Botrylloides leni and Botryllus delicates,
vascular budding occurs continuously near the leading edge of
the colony, at the bases of the ampullae (the blind endings of
the tunic vessels), ensuring a quick increase in the size of the
colony itself (Oka and Watanabe, 1957; Saito and Watanabe,
1985; Okuyama and Saito, 2001). Vascular budding has also been
reported in the stolidobranch styelid Symplegma brakenhielmi
(Gutierrez and Brown, 2017) and the phlebobranch Perophora
viridis (Freeman, 1964).

In both WBR and vascular budding, hemocytes adhering
to the vessel epithelium show the characteristics of stem cells,
such as small size and large, round, euchromatic nuclei (Oka
and Watanabe, 1957; Freeman, 1964; Rinkevich et al., 2007a,
2008), and are able to generate both the soma and germ line
(Sunanaga et al., 2006). In the course of bud development, these
cell aggregates grow and organize themselves to form the double
vesicle stage, critical for bud organogenesis (Rinkevich et al.,
1995; Oka and Watanabe, 1957; Voskoboynik et al., 2007). This
characteristic stage is considered a triploblastic vesicle of the
gastrula type (Brien, 1968), based on its organogenetic capacities:
the outer vesicle is formed by the epidermis and will give
rise to the zooid epidermis, whereas the inner vesicle and the
intermediate mesenchyme cells will form all the internal tissues
of the zooid (Manni and Burighel, 2006; Manni et al., 2007;
Ricci et al., 2016).

WBR has been particularly well studied in B. leachii. In this
species, the process occurs in five stages (Zondag et al., 2016;
Blanchoud et al., 2017). In the first, lasting 15 h, wound healing
is followed by a restructuring of the vessel architecture and of the
ampullae, leading to the formation of small regeneration niches
(stage 2). The contraction of the tissues marks stage 3, while
homing of stem cells to the regeneration niches characterizes
stage 4. Finally, competition among the various stem cell
aggregates (stage 5) leads to the maturation of a single bud per
experimental fragment (Rinkevich et al., 2007a,b, 2008; Zondag
et al., 2016; Blanchoud et al., 2017).

The process of zooid formation from buds separated from
the parental zooid in Polyandrocarpa misakiensis is considered
analogous to WBR of botryllid ascidians (Kawamura et al.,
2018). Here, buds are formed by the epidermis, the peribranchial
epithelium and the mesenchyme cells between them. The
situation resembles the double vesicle stage of botryllid ascidians
and requires transdifferentiation of the peribranchial epithelium
(Kawamura and Fujiwara, 1994, 1995).

As regards “stemness” markers, hemocyte aggregates do
not express piwi in B. primigenus vascular buds (Sunanaga
et al., 2010). However, hemocytes lining the vessel epithelium
with the capacity to proliferate and expressing piwi have been
postulated to play a role in the formation of the bud primordia
in Botrylloides violaceus (Brown et al., 2009) and B. leachii
(Rinkevich et al., 2010) WBR, as well as in B. schlosseri vascular
budding. In B. violaceus WBR, piwi-positive hemocytes around
the regenerating mass of cells are frequently immunolabeled
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TABLE 1 | Main undifferentiated and differentiated cytotypes involved in invertebrate deuterostome regeneration.

Phylum Clade Phenomenon Progenitor cells Cells undergoing dedifferentiation

Echinodermata Crinoidea Arm and visceral mass regeneration Amebocytes, coelomocytes Muscle cells, coelomic epithelium,
neurosecretory cells

Echinoidea Spine and test regeneration - - Muscle cells, sclerocytes

Asteroidea Arm regeneration Coelomocytes Muscle cells, coelomic epithelium

Ophiuroidea - - Muscle cells, coelomic epithelium

Holothuroidea - - Muscle cells, coelomic epithelium, glial
cells

Hemichordata Enteropneusta Anterior and posterior regeneration Circulating stem cells associated with
blood vessels (?), mesenchymal cells (?)

Unclear

Cephalochordata Leptocardii Tail regeneration Muscle satellite-like cells (?) in the tail;
coelomocytes (?), mesenchymal cells
(?) in oral cirri

Muscle cells (?), nerve cord cells (?),
notochord cells (?) in the tail; skeletal
rod cells in oral cirri (?)

Tunicata Ascidiacea Short distance partial body
regeneration
Long distance partial body regeneration
Blastogenetic regeneration
CCS regeneration
WBR

ASCs in the oral siphon of Ciona,
Cells from the peripharyngeal stem cell
niches
Bud tissues
Vascular epithelium
Hemoblasts

Bud tissues
Vascular
Epithelium
Hemoblasts

Terms and Definitions: Blastema, Localized pool of cells, undifferentiated/pluripotent as well as retaining their tissue origin, usually of mesenchymal origin and enveloped
by an epithelial layer, able to massively proliferate and differentiate into different cytotypes; Dedifferentiation, Process of cellular reprogramming by which differentiated
(mature) somatic cells lose their specialization (oligo/unipotency) and revert to a less differentiated state (pluri/multipotency); Deuterostomes, Eumetazoans that during
embryonic development show radial indeterminate cleavage and enterocoely, with the blastopore becoming the anus; Epithelial-Mesenchymal Transition, Dynamic
and finely regulated process during which epithelial cells lose their epithelial features, disrupt their underlying basement membrane and assume features typical of
mesenchymal cells, such as migratory capacity and production of extracellular matrix components. It is typical of embryonic development, tissue regeneration and
morphogenesis, cancer invasion, wound healing, immune response, etc; Epimorphosis, Regeneration model mainly based on the proliferation and differentiation of
cells composing the localized blastema; Morphallaxis, Regeneration model mainly based on the remodeling of pre-existing tissues without the formation of a localized
blastema through significant local cell proliferation. It may involve the dedifferentiation of localized tissues or migration of cells from other distant locations; Progenitor
Cells, Stem cell-derived cells lacking unlimited self-renewal capacity, and that differentiate into limited specialized cytotypes; Transdifferentiation, Process of cellular
reprograming by which differentiated (mature) somatic cells convert directly into another type of differentiated (mature) somatic cell without passing through an intermediate
pluripotent/multipotent state.

by anti-PCNA antibodies: they have been hypothesized to be
precursor cells that will be integrated into the developing bud as
they start to differentiate (Brown et al., 2009).

Budding in Botrylloides WBR requires the presence of retinoid
acid (RA), as inhibitors of RA synthesis block the process,
whereas RA agonists accelerate bud formation and increase
the number of buds per experimental fragment (Rinkevich
et al., 2007b). Serine protease inhibitors alter the development
of regeneration buds in Botrylloides (Rinkevich et al., 2007b),
probably due to the role of serine proteases in remodeling the
ECM, which is required for proper cell-cell communication
during regeneration (Rinkevich et al., 2007a). This agrees
with the observed increase in transcription of a trypsin-like
serine protease upon RA treatment in the budding ascidian
P. misakiensis (Ohashi et al., 1999). In B. leachii, the transcripts
for aldehyde dehydrogenase, the enzyme involved in RA
synthesis, and a serine protease similar to the mammalian
urokinase-type plasminogen activator, are located in circulating
phagocytes (Rinkevich et al., 2007a,b). This suggests a key role
of these cells in the control of vascular budding and WBR, in
addition to their ascertained role in palleal budding. B. schlosseri
phagocytes are, in fact, required for proper clearance of apoptotic
cells and corpses from the tissues of old zooids during the
generation change. The recycling of nutrients derived from their
digestion is required to support bud growth, as colonies are
unable to feed during this period. This important phagocytic role

is further supported by the observation that blocking phagocyte
activity results in the arrest of blastogenesis (Voskoboynik et al.,
2004). This also implies the involvement of innate immune
responses, since phagocytes are key players in morphogenetic
events of compound ascidians (Franchi and Ballarin, 2017).
In accordance with this, B. leachii WBR is associated with
the differential transcription of various immune-related genes
(Rinkevich et al., 2007a, 2008).

CONCLUDING REMARKS AND
PERSPECTIVES

Reviewing regeneration with a focus only on the contribution of
cell proliferation, blastema formation, or totipotent ASCs leaves
a large number of unanswered questions on the cellular and
molecular underpinnings of this complex process. The impressive
variety of regenerative mechanisms displayed within the animal
kingdom makes it clear that adopting a comparative approach
is as valuable as investigating emerging models. Importantly, the
study of this fundamental biological phenomenon in invertebrate
models can improve our understanding of core events in
both regeneration-competent animals and those with reduced
regenerative ability, such as humans. The vertebrate species most
easily reared in captivity and used for regeneration studies -such
as rodents, chickens, frogs or zebrafish- are costly to maintain,
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may possess quite limited regenerative abilities in adulthood,
and their management is often problematic for ethical reasons.
Many invertebrate deuterostomes, instead, show extensive adult
regeneration, are easy to maintain in laboratory conditions,
and, except in cases where they have protected status, their
use for experimentation generally faces fewer restrictions. Past
limitations, such as the availability of -omics data and techniques
for genetic manipulation, are also rapidly disappearing. However,
despite being reliable research organisms, they are still largely
neglected as models in regeneration research.

Adult regeneration involves not only stem cell recruitment,
but also dedifferentiation phenomena, which implies remarkable
cellular plasticity. In deuterostomes, a large diversity of processes
and cytotypes is often detectable even within the same
phylum. Nevertheless, recruitment of cells deriving from the
dedifferentiation of adult cells, rather than the use of resident
stem cells, appears to predominate: indeed, in most clades,
localized (tissue-specific) “recycling” of specialized cells is likely
to occur. These cells generally originate from nearby tissues,
which are locally remodeled and become the source of new
cellular material. In most cases, such progenitors give rise to
restricted types of cells, i.e., cells of each tissue regenerate
elements of that tissue. There are, however, some exceptions, such
as the multipotent epithelia of tunicates (which originate almost
all tissues), and the coelomic epithelia of echinoderms (which
generate the coelomocytes, the muscles and, likely, the skeleton).
More such examples are likely to be discovered as research in this
area intensifies with broader taxon sampling.

The involvement of resident undifferentiated cells during
regeneration is generally limited, with the exception of
undifferentiated amebocytes and coelomocytes in crinoids
and hemoblasts in tunicates and, likely, of hemichordates and
amphioxus. When present, these cells show a wide range of
potency and, usually, are multi- or pluripotent stem cells or
progenitor cells (Table 1).

The use of dedifferentiation as a major mechanism for tissue
repair underscores the idea that cell plasticity in invertebrate
deuterostomes is higher compared to vertebrates (Table 1).
Among chordates, amphioxus and solitary ascidians, which
show considerable but still relatively limited regeneration
compared to other invertebrate deuterostome groups, can be
considered good “transition” species between ambulacrarians
and vertebrates. Conversely, the high regenerative ability
of colonial ascidians has probably appeared secondarily, in
association with asexual reproduction. This strict connection
between regeneration and asexual reproduction is also true
for echinoderms and hemichordates and is supported by the
common molecular events associated with the two processes
(Sánchez Alvarado, 2000). Although each tissue generally
regenerates independently, it nevertheless has to do so in
synchrony with the others to successfully restore a precise
and accurate body plan. In this sense, regeneration is a
very complex process that implies a precise and integrated
response requiring the coordination of a plethora of different
tissues, molecules and signals. Circulating cells can facilitate
regeneration, especially in the first phases after injury, since they
are overcoming tissue separation and allow both cell and signal

spreading (Table 1). EMT and cell migration contribute to this
general coordination.

Overall, it is difficult to strictly define the “stemness”
properties of the cells involved in adult regeneration of
invertebrate deuterostomes. In vertebrates, stem cells are
usually characterized by precise undifferentiated ultrastructural
features and specific molecular markers for pluri/multipotency,
and may be present in well-defined niches. In contrast, in
the invertebrate models reviewed here, cells without obvious
localization in defined niches [with the possible exception of
the lymph nodes (Ermak, 1976) and the endostyle in tunicates
(Voskoboynik et al., 2008)] and with both undifferentiated and
differentiated ultrastructural characters effectively act as stem
cells, irrespective of their tissue of origin or the mechanisms by
which they are recruited to the regeneration zone. Molecular
data also underscore the important contribution of both
undifferentiated and differentiated cells, although labeling and
detailed cellular tracking are still required to pinpoint the
precise origin and fate of these cells. Therefore, we propose a
wider interpretation of the stem cell concept, not necessarily
and strictly related to the classic idea of stem cells as
undifferentiated cells, but including also cells deriving from
dedifferentiation phenomena. This is in line with the definition
of stem cells recently proposed by Post and Clevers (2019),
which is based on their function rather than any morphological
or molecular criteria: the ability to replace lost cells through
cell division.

From an evolutionary viewpoint, the extensive cell plasticity
described in adult invertebrate deuterostomes -both in terms
of cell-lineage restriction and cell potency- may be one of
the key elements of their successful regenerative responses.
However, the relatively limited and patchy information
available in these animal models renders difficult the
identification of shared molecular pathways underpinning
cell dedifferentiation, if indeed any exist. The observation
that conserved developmental regulators -such as Wnt, Notch
and TGFβ/BMP, to name just a few- are often re-deployed
during regeneration may be less consistent with their roles
as causative agents in the dedifferentiation/cell fate process,
and more indicative of researcher prejudices for “favorite
genes” and their ease of identification in homology-based
searches. The question of which molecular switch might
facilitate dedifferentiation in many invertebrates upon injury,
and how this machinery may differ or be inactivated in
non-regenerating organisms, is far more difficult to tackle
and may lie rather in how epigenetic states and chromatin
are regulated (Merrell and Stanger, 2016; Hayashi et al.,
2020; Lee et al., 2020), or even in physical properties of
the cellular microenvironment (Vining and Mooney, 2017).
Further study of the various mechanisms regulating cell
recruitment, dedifferentiation, and specification will help
elucidate whether any are conserved between invertebrate
and vertebrate deuterostomes, or rather represent a
diverse and plastic repertoire of solutions to a common
evolutionary problem.

Another intriguing aspect of regeneration is its
relationship with immunity (Abnave and Ghigo, 2019;
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Arenas Gómez et al., 2020): various results indicate that the
evolution of the adaptive immune system in vertebrates is
correlated with a progressive loss of regenerative capability
from fish to mammals (Godwin, 2014; Godwin and Rosenthal,
2014). This phenomenon appears related to the persistence
of the inflammatory response, which impairs or limits the
regeneration process, and scarring at the site of injury (Merscher
and Neff, 2005; Eming et al., 2009; Godwin, 2014; Godwin
and Rosenthal, 2014; Peiris et al., 2014; Fumagalli et al.,
2018). In contrast, many invertebrates -including the highly
regenerative models described here- show scar-free wound
healing and yet have spectacularly complex and diverse innate
immune repertoires (Rinkevich et al., 2007a; Huang et al., 2008;
Ramírez-Gómez and García-Arrarás, 2010; Smith et al., 2010;
Dishaw et al., 2012; Tassia et al., 2017; Ferrario et al., 2018;
Oren et al., 2019), which have rapidly and often independently
evolved to deal with pathogen exposure in a sort of host
defense/pathogen arms race (Ghosh et al., 2011). However,
the building blocks of RAG V(D)J recombinase activity on
which vertebrate adaptive immunity relies have been found
in invertebrate deuterostomes (Morales-Poole et al., 2017).
Evidence is even emerging of immune system “memory” as
part of a continuum between innate and acquired immunity
(Milutinović and Kurtz, 2016; Netea et al., 2019). Therefore,
the lack of adaptive immunity in invertebrate deuterostomes
can partly explain their high regenerative potential, but is not
entirely satisfactory when attempting to define causality in the
face of such complexity. Our understanding of the impact of the
immune response on healing and regeneration in most systems
is at best rudimentary, and detailed studies of the consequences
of the appearance of adaptive immunity for regeneration abilities
are still lacking.

A continuing challenge in stem cell research is unequivocally
distinguishing resident undifferentiated stem cells from the
cellular products of dedifferentiation. In most non-model and
emerging systems, including the invertebrate deuterostomes
discussed here, differentiation state is inferred by mostly
static snapshots of cells, accompanied by descriptions of
limited molecular signatures or ultrastructural characteristics.
Nevertheless, without such careful and detailed observations
it is impossible to begin to elucidate the cellular basis
of regeneration. The mechanisms regulating dedifferentiation
are largely unknown, although research is beginning to
identify dedifferentiation as a key player in a number of
regenerative processes in genetically tractable vertebrate systems
(Pesaresi et al., 2019; Aires et al., 2020). Therefore, while
we believe that the available body of evidence indicates an
overarching central role for dedifferentiation in invertebrate
deuterostomes, caution still must be exercised in interpreting
findings. Likewise, evidence for cell migration in regenerative
processes is mostly indirect, although widely assumed to occur.
Exceptions include a few studies in solitary and colonial
ascidians as well as echinoderms (Voskoboynik et al., 2008;
Jeffery, 2015b; Mashanov V. et al., 2017), where cells were
labeled with lipophilic dyes to track cell movements. BrdU
and EdU pulse/chase labeling of proliferating cells also give
insight into not only division dynamics but also lineage

and cell fate, particularly if fine control in labeling only a
few cells is exercised. Comprehensive experiments are still
lacking in many regenerating animals (but see Mashanov
et al., 2013; Jeffery, 2015b; Cary et al., 2019), and are
somewhat limited in scope, but do offer the advantage of not
requiring extensive resources, and labeling is not affected by
the changes in transcriptional or epigenetic state that occur
during reprograming. Stable transgenic animals, or genetic
labeling with inducible systems, permit by far the best control
and resolution, and will be required to truly show changes in
differentiation state and potency. Currently, transgenesis has
been developed in some sea urchins (Buckley et al., 2018),
amphioxus (Kozmikova and Kozmik, 2015), and the direct
developing hemichordate Saccoglossus kowalevskii (Minor et al.,
2019). A considerable molecular and genetic toolkit is also
available for solitary ascidians, predominantly C. intestinalis but
also Phallusia mammillata (Cota, 2018). However, transgenics
have only been used to a limited degree, in Ciona, to
study regeneration of the nervous system (Dahlberg et al.,
2009), but hold great promise for elucidating the genetic
basis of dedifferentiation, for instance during myocardium
regeneration (Evans Anderson and Christiaen, 2016). The
reasons for this lacuna are manifold. First, many invertebrate
deuterostomes have long generation times, and rearing the
larvae through metamorphosis to breeding age can be difficult.
In addition, unlike models such as Drosophila melanogaster
or Danio rerio, there are currently no repositories of genetic
lines for any of the regenerating systems. This is in part
due to the cost to maintain such centralized resources, but
also to barriers to transport and importation of unusual
(often marine) organisms. This is compounded by the sheer
diversity of models being used for regeneration studies and
the difficulty in acquiring funding for basic research on “weird
animals”. However, sharing of knowledge and resources across
the stem cell community, facilitated by initiatives such as
the EU Horizon 2020 COST Action 16203 “MARISTEM”
(Ballarin et al., 2018) will pave the way for more rapid
uptake and development of the tools required to answer
fundamental questions about stem cell biology in our closest
living relatives.

In conclusion, the greatest challenge for the regeneration field,
from the perspective of future human medical applications, is to
compare invertebrate and vertebrate deuterostomes effectively,
in terms of cells and mechanisms involved in the regenerative
process. The identification of potential commonalities as well
as differences will be crucial to the goal to improve the
rather limited regenerative capabilities in humans. Cell tracking,
coupled with molecular and microscopy approaches, will be
critical to address some of the main issues in animal regeneration,
i.e., the understanding of the origin and fate of recruited cells. As
such, it is first necessary to characterize different cytotypes and
identify cell-specific molecular markers in order to visualize and
recognize the cells involved in regeneration.

Next generation technologies, from single cell to ChIP-
sequencing and proteomics, in combination with novel
bioinformatic platforms and statistical analyses, will be
instrumental in achieving this objective. The development of
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in vitro systems, still very difficult in invertebrate deuterostomes
(Di Benedetto et al., 2014b; Mercurio et al., 2014), will provide a
further tool to investigate these problems. Ultimately, researchers
need to ask the right questions and identify the model animals
most appropriate for the study of regeneration. Only with
a solid investment in understanding the diversity of cellular
mechanisms underlying the remarkable regenerative ability seen
in invertebrate models can we hope to unlock the dormant
potential of vertebrate systems.
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Osteo/odontogenic differentiation is a key process of human stem cells from
apical papilla (SCAP) in tooth root development. Emerging evidence indicates
microRNAs (miRNAs) play diverse roles in osteogenesis. However, their functions in
osteo/odontogenic differentiation of SCAP require further elucidation. To investigate the
role of miRNA in SCAP osteo/odontogenic differentiation and underlying mechanisms,
miRNA microarray analysis was performed to screen differentially expressed miRNAs
between control and osteo/odontogenic-induced group. Quantitative real-time PCR
(qRT-PCR) and western blot were used to detected osteo/odontogenic differentiation-
related markers and possible signaling pathway SCAP-associated genes. Alizarin Red
Staining (ARS) were applied to evaluated osteogenic capacity. The results showed that
miR-497-5p increased during SCAP osteo/odontogenic differentiation. Overexpression
of miR-497-5p enhanced the osteo/odontogenic differentiation of SCAP, whereas
downregulation of miR-497-5p elicited the opposite effect, thus suggesting that miR-
497-5p is a positive regulator of the osteo/odontogenic differentiation of SCAP.
Bioinformatic analysis and dual luciferase reporter assay identified that SMAD
specific E3 ubiquitin protein ligase 2 (Smurf2) is a direct target of miR-497-5p.
Further study demonstrated that Smurf2 negatively regulates SCAP osteo/odontogenic
differentiation, and silencing Smurf2 could block the inhibitory effect of the miR-497-
5p inhibitor. Meanwhile, pathway detection manifested that miR-497-5p promotes
osteo/odontogenic differentiation via Smad signaling pathway. Collectively, our findings
demostrate that miR-497-5p promotes osteo/odontogenic differentiation of SCAP via
Smad signaling pathway by targeting Smurf2.

Keywords: miR-497-5p, stem cells from apical papilla, Smurf2, Smad signaling pathway, osteo/odontogenic
differentiation
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INTRODUCTION

Stem cells from apical papilla (SCAP) were first isolated and
characterized from the apical papilla of human immature third
molar by Sonoyama et al. (2006, 2008). This indicates that
SCAP play a vital role in the development of tooth root. Similar
to postnatal mesenchymal stem cells (MSCs), SCAP possess
self-renewal and multidirectional differentiation potential (Abe
et al., 2008; Sonoyama et al., 2008; Bakopoulou et al., 2011;
Koutsoumparis et al., 2018). Compared with dental pulp stem
cells (DPSCs), SCAP have stronger proliferation ability, cell
migration, and telomere activity, and are considered to be a
valuable source of postnatal MSCs for dental tissue engineering
(Sonoyama et al., 2006; Huang et al., 2010; Na et al., 2016;
Chrepa et al., 2017). The osteo/odontogenic differentiation of
SCAP is prerequisite in pulp-dentine regeneration. Therefore,
how to effectively promote the osteogenic/odontogenic
differentiation of SCAP has become a key issue. Our previous
studies have demonstrated that many factors could regulate
osteo/odontogenic differentiation of SCAP (Yang et al., 2012;
Wan et al., 2016; Liu et al., 2019a). However, the molecular
mechanisms underlying the osteo/odontogenic differentiation in
SCAP remains unknown.

MicroRNAs (miRNAs) are a class of small single-stranded
non-coding RNAs. They function as post-transcriptional
regulators. MiRNAs bind to 3′-untranslated regions (3′-UTR)
of the target mRNA and modulate the expression of target
genes through degrading target mRNAs or inhibiting their
translation. MiRNAs have been implicated in various biological
processes, including cell proliferation, differentiation, apoptosis,
and carcinogenesis (Hammond et al., 2001; Bartel, 2004; Lindsay,
2008; Julia et al., 2009). A number of miRNAs were reported
to regulate osteogenic differentiation in mesenchymal stem
cells (Chen et al., 2017; Tang et al., 2018). Accumulating
evidence revealed that miRNAs participated in osteogenic
differentiation of dental stem cells. MiR-214 down-regulated
the osteogenic differentiation of periodontal ligament stem
cells (PDLSCs) by targeting transcription factor 4 (Yao et al.,
2017). MiR-508-5p suppressed the osteogenesis of human dental
pulp stem cells through inhibiting glycoprotein non-metastatic
melanoma protein B (Liu et al., 2019b). NOTCH activation
inhibited osteogenic differentiation of SCAP and promoted
the expression of miR-34a, while miR-34a suppressed Notch
signaling by targeting NOTCH2 and HES1 (Sun et al., 2014).
To date, there have been few studies on miRNA regulating
osteo/odontogenic differentiation of SCAP and their molecular
mechanisms remained still unclear. Thus, we hypothesized that
certain miRNAs could positively regulate the osteo/odontogenic
differentiation of SCAP, which could be used as a novel target for
regulating dental tissue regeneration.

In this study, a microarray was applied to investigate the
miRNA expression profiles of SCAP during osteo/odontogenic
differentiation. qRT-PCR was performed to verify gene
expression. Bioinformatics and qRT-PCR analysis demonstrated
miR-497-5p was up-regulated during osteogenic differentiation.
Further study confirmed that miR-497-5p increased the
osteo/odontogenic differentiation of SCAP. Target gene

prediction and dual luciferase reporter assay showed that
Smurf2, a negative regulator of osteogenesis, was a direct target
of miR-497-5p. The Smad signaling pathway was involved
in the osteo/odontogenic differentiation of SCAP. Our study
suggested miR-497-5p could suppress Smurf2 and promote
osteo/odontogenic differentiation of SCAP through Smad
signaling pathway.

MATERIALS AND METHODS

Cell Culture
Human apical papilla tissues were obtained from immature
third permanent molars extracted from patients aged 16–
20 years for orthodontic reason at the School and Hospital of
Stomatology, Shandong University. This project was approved by
the Ethics Committee of the School and Hospital of Stomatology,
Shandong University. The consent was obtained from the
patients or their parents. The apical papilla was separated from
the third molar and digested with 3 mg/mL Collagenase Type
I (Solarbio, Beijing, China) and 4 mg/mL Dispase (Roche,
Indianapolis, IN, United States) at 37◦C for 1 h. Then cells were
cultured in α-minimum essential medium (HyClone, Logan, UT,
United States) supplemented with 20% fetal bovine serum (FBS)
(Gibco, Grand Island, NY, United States), 100 U/mL penicillin
and 100 µg/mL streptomycin (HyClone) incubated at 37◦C in a
5% CO2 atmosphere. The cells from passage 2–5 were used for
subsequent experiments.

Human embryonic kidney 293T (HEK 293T) cells were
cultured in DMEM medium containing 10% FBS, 100 U/ml
penicillin and 100 µg/ml streptomycin.

Flow Cytometry
SCAP were characterized by flow cytometry. A total of 8 × 105

cells were collected and incubated respectively with monoclonal
antibodies specific for STRO-1 (R&D Systems, Minneapolis,
MN, United States), CD24, CD146, CD34 and CD45 (BD
Biosciences, Franklin Lakes, NJ, United States) for 30 min at
room temperature. Expression profiles were analyzed by BD
FACSCalibur flow cytometer (BD Biosciences).

Cell Counting Kit-8 (CCK-8) Analysis
The proliferation ability of SCAP was examined using CCK-
8 (MedChemExpress, Monmouth Junction, NJ, United States).
Cells were seeded in 96-well plates at a density of 3 × 103

cells/well. The cells were treated with CCK-8 reagent on days 1, 2,
3, 4, 5, 6, 7, 8, 9, and 10 and incubated at 37◦C for 2 h. Then, the
absorbance was measured at 450 nm using a microplate reader.

Osteogenic Differentiation
For osteogenic differentiation, after the SCAP reached 80%
confluence, the medium was changed to osteogenic medium
containing 10 mM β-glycerolphosphate (Sigma-Aldrich, St.
Louis, MO, United States), 10 nM dexamethasone (Sigma-
Aldrich) and 50 µg/mL L-ascorbic acid (Sigma-Aldrich). The
osteogenic medium was changed every 3 days.
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FIGURE 1 | Characteristics and osteogenic differentiation of SCAP. (A) Human apical papilla (white arrow) attached to the apex of extracted immature third molar.
(B) The morphology of SCAP. (C) Growth curve gained according to CCK-8 method. (D) Cell surface markers of SCAP displayed by flow cytometry. (E) ALP activity
at day 7 of osteogenic differentiation. (F) ALP staining on day 7 and Alizarin red staining on day 21 after osteogenic induction. (G) Osteogenic specific genes
examined by qRT-PCR at different time points. Data are presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with control
group.

Alkaline Phosphatase (ALP) Activity
Assay
SCAP were cultured in osteogenic medium for 7 days. Then cells
were washed with PBS and lysed with radioimmunoprecipitation
(RIPA) lysis buffer (Solarbio) on ice for 30 min. After sonication
and centrifugation, the supernatants were obtained and ALP
activity was measured using an ALP activity assay kit (Jiancheng,
Nanjing, China), according to the manufacturer’s instructions.

ALP Staining and Alizarin Red Staining
(ARS)
SCAP were grown in osteogenic medium. On day 7, cells were
fixed with 4% paraformaldehyde, followed by washing with
PBS. ALP staining was performed using an ALP staining kit
(Solarbio), according to manufacturer’s protocol. For Alizarin
Red staining, after 21 days induction, cells were fixed with 4%

paraformaldehyde and stained with 2% Alizarin red (Sigma-
Aldrich) with pH 4.2 for 30 min. Then, cells were rinsed thrice
with double distilled water to remove the unbound dye and
visualized under a microscope. For quantitative assay, the alizarin
red was dissolved in 10% cetylpyridinium chloride (Sigma-
Aldrich) for 30 min. The absorbance was detected at 560 nm and
the results were normalized to the total protein content.

MiRNA Microarray and Identification of
Differentially Expressed Genes
SCAP treated with osteogenic induction for 7 days were served
as experimental group (n = 3), while the untreated cells were
control group (n = 3). Total RNA was extracted and analyzed
miRNAs expression using microarray (Affymetrix miRNA 4.0
Array). To determine differentially expressed genes, the R
package “limma” was used (Ritchie et al., 2015). MiRNAs
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FIGURE 2 | miR-497-5p was upregulated during osteo/odontogenic differentiation of SCAP. (A) Heat map of the differentially expressed miRNAs in differentiated
SCAP. Red indicates up-regulated miRNAs and green indicates down-regulated miRNAs. (B) Expression levels of miR-376a-3p, miR-497-5p, miR-660-5p,
miR-146a-5p, miR-199b-5p in differentiated SCAP examined by qRT-PCR. (C,D) The expression of osteo/odontogenic differentiation related proteins in
overexpressed miR-376a-3p, miR-497-5p, miR-660-5p, miR-146a-5p, miR-199b-5p examined by western blot. (E) Time course of miR-497-5p expression during
osteogenic differentiation of SCAP. Data are presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with control group.

(fold change ≥2.0 or ≤0.5, P value <0.05, compared with
control group) were considered to be statistically significant. The
corresponding heatmaps were drawn by R package “pheatmap”
(Wang et al., 2019).

Cell Transfection
Synthetic miR-497-5p mimics/inhibitor, siRNA targeting Smurf2
(siSmurf2), and their negative control (NC) were purchased from
GenePharma. SCAP were transfected with these oligonucleotides
using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA,
United States) following the manufacturer’s instructions. For
osteo/odontogenic induction, the medium was changed to
osteogenic medium after 24 h transfection.

Dual Luciferase Reporter Assay
TargetScan, miRPathDB, starBase and PiTA database were used
to predict potential targets of miR-497-5p. The dual luciferase
reporter assay was performed to determine whether miR-497-5p
could directly regulate Smurf2. A Smurf2 3′-UTR reporter vector
was synthetized by BioSune Biotechnology. The wild type (WT)
and mutant-type (Mut) plasmid was termed Smurf2-WT and
Smurf2-Mut, respectively. HEK293T cells were cultured in a 96-
well plate. Then Smurf2-WT or Smurf2-Mut was co-transfected

with miR-497-5p mimics or its negative control into HEK293T
cells. After 48 h of incubation, firefly and renilla luciferase
activities were analyzed using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, United States). Renilla luciferase
activity was used as an internal control.

Quantitative Real-Time PCR (qRT-PCR)
Analysis
Total RNA was extracted from osteogenic induced cells using
RNAiso Plus (Takara, Shiga, Japan). Complementary DNA
(cDNA) was synthesized with a Reverse Transcription System
(Takara) following the manufacturer’s protocol. qRT-PCR was
performed on by Roche LightCycler§ 480 (Roche, Mannheim,
Germany) using SYBR Premix Ex Taq (Takara). Relative
expression of mRNA or miRNA were evaluated, GAPDH or U6
was used as an endogenous normalization control. The primers
used for amplification were listed in the Supplementary Table 1.

Western Blot Analysis
After 7 days of osteogenic induction, the transfected SCAP
were harvested and lysed with RIPA lysis buffer containing
1% phenylmethylsulfonyl fluoride (PMSF) (Beyotime, Shanghai,
China) on ice. Total protein concentrations were measured
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FIGURE 3 | miR-497-5p promoted osteo/odontogenic differentiation in SCAP. (A) miR-497-5p expression assessed by qRT-PCR in SCAP transfected with
miR-497-5p mimics. (B) ALP activity measured on day 7 of osteogenic differentiation. (C,D) mRNA and protein expression of osteo/odontogenic markers after
miR-497-5p overexpression. (E) Alizarin red staining and quantitative assay after miR-497-5p overexpression. Data are presented as mean ± SD of three
independent experiments. *P < 0.05, **P < 0.01 compared with control group.

FIGURE 4 | Inhibition of miR-497-5p suppress osteo/odontogenic differentiation in SCAP. (A) miR-497-5p expression assessed by qRT-PCR in SCAP transfected
with miR-497-5p inhibitor. (B) ALP activity measured on day 7 of osteogenic differentiation. (C,D) mRNA and protein expression of osteo/odontogenic markers
examined after miR-497-5p suppression. (E) Alizarin red staining and quantitative assay after miR-497-5p suppression. Data are presented as mean ± SD of three
independent experiments. *P < 0.05, **P < 0.01 compared with control group.
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by the BCA Protein Assay Kit (Solarbio). The proteins in all
samples were separated by SDS-PAGE gels, and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica,
MA, United States). After blocking in 5% skim milk for 1 h at
room temperature, the membranes were incubated with primary
antibodies overnight at 4◦C. Primary antibodies included DSPP
(Santa Cruz Biotechnology, Santa Cruz, CA, United States),
Collagen I (Wanlei, Shenyang, China), ALP (Abcam, Cambridge,
MA, United Kingdom), Runx2, OSX (Abcam), OPN (Abcam),
SNIP1 (Abcam), Smurf1 (Proteintech Group, Chicago, IL,
United States), Smurf2, Smad2, Smad3, Smad4 (Cell Signaling
Technology), and GAPDH (Proteintech Group). After that,
the membranes were incubated with horseradish peroxidase–
conjugated anti-mouse or anti-rabbit secondary antibodies
(Proteintech Group) at room temperature for 1 h. Protein
bands were visualized using the enhanced chemiluminescence
(Millipore) and the protein levels were quantified using the
ImageJ software.

Statistical Analysis
Data are presented as the mean ± SD from at least three
independent experiments. The t-test, one-way and two-way
ANOVA were used for statistical analysis. P < 0.05 was
considered statistically significant. All statistical analyses were
performed using the GraphPad Prism 6.

RESULTS

Characteristics of SCAP and Osteogenic
Differentiation
Human SCAP was isolated and adhered to the culture dish
with spindle-liked morphology (Figures 1A,B). CCK-8 assayed
the proliferation of SCAP including the incubation, logarithmic
growth, and plateau periods. The growth curve was shown in
Figure 1C. Flow cytometry analysis showed that cell surface
markers of SCAP were positive for STRO-1 (31.8%), CD24
(23.2%) and CD146 (99.5%), and negative for CD34 (0.27%)
and CD45 (0.16%) (Figure 1D). After osteogenic induction, the
ALP activity increased significantly compared with control group
(Figure 1E). ALP staining and Alizarin red staining showed a
clear bluish violet stains and mineralized nodules, respectively
(Figure 1F). The mRNA expression of specific markers, including
Dentin sialophosphoprotein (DSPP), Collagen type I (Collagen
I), Alkaline phosphatase (ALP), Runt-related transcription factor
2 (Runx2) and Bone sialoprotein (BSP), were upregulated after
the osteogenic induction (Figure 1G). These results revealed
that SCAP has a good proliferation ability and osteogenic
differentiation potential.

Increased Expression of miR-497-5p
During Osteo/Odontogenic
Differentiation of SCAP
MiRNA microarray analysis showed that miRNAs differentially
expressed between osteo/odontogenic induction SCAP and
control group. Heatmap revealed that the expression levels

of 45 miRNAs significantly changed, with 24 miRNAs up-
regulated and 21 down-regulated compared to those in the
control group (Figure 2A). To verify the microarray data, five
miRNAs from differentially expressed miRNAs were selected
and detected using qRT-PCR. The results showed that all
five miRNAs were significantly changed and were consistent
with microarray data (Figure 2B). In order to screen for
the most differentially expressed miRNA in osteo/odontogenic
differentiation, five miRNAs were overexpressed by transfecting
miRNAs mimics and the protein expression of osteo/odontogenic
differentiation-related genes (DSPP, Collagen I, ALP, Runx2, and
OPN) was detected using western blot. We found these markers
were increased significantly in miR-497-5p group compared to
those in the NC group (Figures 2C,D). To further observe the
phase changes of miR-497-5p in the SCAP osteo/odontogenic
differentiation, we determined its expression and found that miR-
497-5p increased on the day 7 and remained high level until day
21 (Figure 2E), indicating that miR-497-5p might promote the
osteo/odontogenic differentiation of SCAP.

MiR-497-5p Promoted
Osteo/Odontogenic Differentiation in
SCAP
To determine whether miR-497-5p regulated osteo/odontogenic
differentiation, miR-497-5p mimics was transfected into SCAP
and the cells were cultured in osteogenic medium. The
levels of miR-497-5p were elevated by approximately 6,000-
fold compared to those in the NC group, as confirmed by
qRT-PCR after 24 h of transfection, which indicated high
transfection efficiency (Figure 3A). The overexpression of miR-
497-5p enhanced the ALP activity and the mRNA expression
of osteo/odontogenic specific genes, including DSPP, Collagen I,
ALP, Runx2 and Osterix (OSX), compared to that of negative
control (Figures 3B,C). Consistently, the protein levels of DSPP,
Collagen I, ALP, Runx2, OSX, OPN were upregulated in miR-497-
5p overexpression group (Figure 3D). The Alizarin red staining
also showed enhanced osteogenic capacity of SCAP (Figure 3E).
These findings suggested that miR-497-5p might be a promoter
for osteo/odontogenic differentiation of SCAP.

Inhibition of miR-497-5p Suppressed
Osteo/Odontogenic Differentiation in
SCAP
To further clarify the effect of miR-497-5p on the
osteo/odontogenic differentiation, miR-497-5p inhibitor was
transfected into SCAP and the cells were cultured in osteogenic
medium. The inhibition efficiency of miR-497-5p was detected
(Figure 4A). Consequently, the ALP activity was suppressed
(Figure 4B). The osteo/odontogenic specific markers (DSPP,
Collagen I, ALP, Runx2, OSX, and OPN) were remarkably down-
regulated compared to their negative controls (Figures 4C,D).
The Alizarin red staining reflected the same effects (Figure 4E).
All the results thus suggest that down-regulating miR-497-5p
could suppress the osteo/odontogenic differentiation of SCAP.
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FIGURE 5 | miR-497-5p directly targets Smurf2. (A) Venn diagram showed number of miR-497-5p target genes predicted by performing TargetScan, miRPathDB,
starBase and PiTA. (B,C) Candidate gene expressions in SCAP detected by qRT-PCR and western blot after transfected with the miR-497-5p mimics/inhibitor.
(D) Schematic diagrams indicating the Smurf2 wild-type (WT) contains miR-497-5p binding sites. (E) Luciferase activities of Smurf2 3′UTR WT or Mut reporter
plasmids. Data are presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with control group.

miR-497-5p Directly Targeted Smurf2
To reveal the probable molecular mechanism by which miR-
497-5p mediates osteo/odontogenic differentiation of SCAP,
TargetScan, miRPathDB, starBase and PiTA were used to predict
potential targets of miR-497-5p (Figure 5A). It was discovered
that three osteogenic-associated potential target genes including
SMAD specific E3 ubiquitin protein ligase 1 (Smurf1), Smurf2
and Smad nuclear interacting protein 1 (SNIP1), contain a
miR-497b-5p binding site in their 3′-UTRs (Supplementary
Figure 1). After miR-497-5p overexpressed or suppressed,
three target genes were detected. The most significant change
was observed in the mRNA and protein levels of Smurf2
(Figures 5B,C). To further confirm whether miR-497-5p directly
targets Smurf2, we constructed dual luciferase reporter vectors
containing the Smurf2 3′UTR wild type (WT) or mutated
sequence (Mut) (Figure 5D). The dual luciferase vector and
miR-497-5p mimics (or mimics NC) were co-transfected into
HEK 293T cells. Dual luciferase reporter assay showed that
miR-497-5p dramatically suppressed the luciferase activity of
WT Smurf2 than that of the negative control, and there was

no significant alteration in the luciferase activity of mutated
Smurf2 (Figure 5E). The above demonstrated that miR-497-
5p negatively regulated Smurf2 by directly binding to the
3′UTR of its mRNA. In other words, Smurf2 is a target
gene of miR-497-5p.

Smurf2 Is Involved in Osteo/Odontogenic
Differentiation of SCAP
In this study, Smurf2 mRNA expression decreased on day 3
and remained low level to day 21 during osteo/odontogenic
differentiation of SCAP (Figure 6A). To confirm the
effect of Smurf2 on osteo/odontogenic differentiation of
SCAP, Smurf2 expression was interfered by transfecting
siSmurf2 in SCAP. The knockdown efficiency was estimated
by qRT-PCR and western blot. As our expected, the
siSmurf2 could markedly decreased Smurf2 expression
(Figures 6B,C). Moreover, Smurf2 knockdown significantly
promoted the ALP activity and osteo/odontogenic genes
expression (Figures 6D–F). The Alizarin red staining
also confirmed that knockdown of Smurf2 accelerated
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FIGURE 6 | Smurf2 was involved in osteo/odontogenic differentiation of SCAP. (A) Smurf2 mRNA expression was examined via qRT-PCR at different time points
during osteo/odontogenic differentiation of SCAP. (B,C) The knockdown efficiency of Smurf2 siRNA was confirmed by qRT-PCR and western blot. (D) ALP activity
was detected on day 7 after Smurf2 knockdown. (E,F) mRNA and protein expression of osteo/odontogenic markers were examined by qRT-PCR and western blot
after Smurf2 knockdown. (G) Alizarin red staining and quantitative assay after Smurf2 knockdown. Data are presented as mean ± SD of three independent
experiments. *P < 0.05, **P < 0.01 compared with control group.

the osteogenic differentiation of SCAP (Figure 6G).
These results demonstrated that Smurf2 was involved in
osteo/odontogenesis of SCAP.

Smurf2 Knockdown Blocked the
Inhibitory Effect of miR-497-5p Inhibitor
To further confirm whether the effect of miR-497-5p on
osteo/odontogenic differentiation depended on Smurf2
in SCAP, we co-transfected the miR-497-5p inhibitor
and siSmurf2 or their respective negative controls into
SCAP. As expected, the inhibitory effects of miR-497-
5p inhibitor on SCAP were suppressed after Smurf2
knockdown (Figure 7A). The result indicated that miR-
497-5p regulated osteo/odontogenic differentiation of SCAP
through targeting Smurf2.

MiR-497-5p Regulated
Osteo/Odontogenic Differentiation in
SCAP via the Smad Signaling Pathway
To determine if miR-497-5p increased SCAP osteo/odontogenic
differentiation through the Smad signaling pathway, miR-497-5p
mimics or inhibitor were transfected into cells. Western blot
revealed Smad2, Smad3 and Smad4 expression levels were
upregulated after transfection with miR-497-5p mimics and
downregulated after transfection with miR-497-5p inhibitors
(Figure 7B). The results indicated that Smad signaling pathway
was involved in miR-497-5p-mediated osteo/odontogenic
differentiation. Moreover, we further confirmed that mRNA
and protein levels of Smad2, Smad3 and Smad4 were highly
upregulated following transfection of siSmurf2 into SCAP
(Figures 7C,D). All these results demonstrated that miR-497-5p

Frontiers in Genetics | www.frontiersin.org 8 October 2020 | Volume 11 | Article 58236642

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-582366 October 25, 2020 Time: 16:20 # 9

Liu et al. miR-497-5p Regulates SCAP Differentiation

FIGURE 7 | miR-497-5p modulated osteo/odontogenic differentiation of SCAP via Smad signaling pathway by targeting Smurf2. (A) The protein expression of
osteo/odontogenic markers after co-transfected with miR-497-5p inhibitor and siSmurf2 or their respective negative controls. (B) Smad2, Smad3 and Smad4
protein expression level following miR-497-5p mimics and inhibitor transfection in SCAP. (C,D) Smad2, Smad3, and Smad4 mRNA and protein levels examined via
qRT-PCR and western blot following Smurf2 knockdown in SCAP. Data are presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01
compared with control group.

promote osteo/odontogenic differentiation of SCAP via Smad
signaling pathway by targeting Smurf2.

DISCUSSION

Recent studies indicated that miRNAs were involved in
diverse biological processes including cell proliferation,
differentiation, apoptosis, and carcinogenesis. MiR-497 was
reported to be upregulated or downregulated in various
cancers, thereby suggesting its diverse roles in different
tissues (Yan et al., 2008; Lan et al., 2014; Maura et al., 2015).

However, its role in osteogenic/odontogenic differentiation
and related mechanisms require further investigation. In the
present study, we first discovered miR-497-5p was upregulated
during osteo/odontogenic differentiation in human SCAP and
overexpression of miR-497-5p increased its osteo/odontogenic
differentiation of SCAP. This is consistent with a previous
study, which reported that overexpression of miR-497∼195
promotes CD31hiEMCNhi endothelial cells angiogenesis and
osteogenesis (Yang et al., 2017). Contrary to our findings,
miR-497 suppressed proliferation and osteogenic differentiation
in human primary mesenchymal stromal/stem cells (MSC)
(Almeida et al., 2016). These results might be attributed to
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FIGURE 8 | Schematic illustration of miR-497-5p regulating
osteo/odontogenic differentiation of SCAP. miR-497-5p suppresses Smurf2
expression, resulting in upregulating Smad signaling pathway, thereby
promoting osteo/odontogenic differentiation.

distinct origin of the cells utilized in several differentiation
studies. Human MSC and SCAP, as postnatal mesenchymal
stem cells, share some similarity, however, they have their
own characteristics. The tissue-specific expression of miRNAs
corresponded with the diversity of their functions. The SCAP of
developing tooth root have their distinct biological characteristics
(Sonoyama et al., 2006, 2008).

To investigate the molecular mechanism by which miR-497-
5p promoted human SCAP osteo/odontogenic differentiation,
we searched for potential target genes of miR-497-5p. We
identified Smurf2 was a direct target gene of miR-497-5p
by using bioinformatics analysis and dual luciferase reporter
assay. Smurf2 is a member of E3 ubiquitin ligases (Lin et al.,
2000; Zhang et al., 2001). It interacted with Smad proteins
(important proteins of TGF-β/Smad signaling pathway) and
other osteogenic-related genes, leading to their degradation
and thereby the negative regulation of the TGF-β/Smad
signaling pathway and osteogenic differentiation process (Zhang
et al., 2001; Izzi and Attisano, 2004; Kaneki et al., 2006;
Lönn et al., 2008). Kaneki et al. (2006) found that tumor
necrosis factor inhibited bone formation by promoting Runx2
degradation via upregulation of Smurf1 and Smurf2 in vitro
and in vivo. The latest study showed that TRAF4 up-
regulated the osteogenic differentiation of MSCs by acting
as an E3 ubiquitin ligase to mediate the ubiquitination of
Smurf2 and cause Smurf2 degradation (Li et al., 2019). In our
study, overexpression of miR-497-5p significantly suppressed
the expression of Smurf2. In contrast, inhibition of miR-
497-5p increased Smurf2 expression. More importantly, dual
luciferase reporter gene assay confirmed that Smurf2 was a direct
target of miR-497-5p.

Despite it has been reported that Smurf2 is the target
gene of miR-497 in lung cancer cells (Dong-Kyu et al.,
2019), miRNA profiles are tissue-specific. Specific cell type
differentiation is a process involving complex network
transcription factors. However, the regulation of miR-497-
5p and Smurf2 on osteo/odontogenic differentiation in SCAP
is largely unknown. Therefore, we further investigated the
effects of Smurf2 on osteo/odontogenic differentiation in
SCAP. The finding showed that Smurf2 was downregulated
during the odontogenic differentiation of SCAP and
Smurf2 knockdown significantly elevated expression of
osteo/odontogenic markers, thus resembling the effect of
miR-497-5p overexpression. A rescue effect was observed,
wherein Smurf2 knockdown could block the effect of miR-497-
5p inhibition in SCAP osteo/odontogenic differentiation. In
conclusion, our study demonstrated that miR-497-5p enhanced
osteo/odontogenic differentiation in SCAP through suppressing
Smurf2 expression.

Smad signaling pathway plays a crucial role in osteogenic
differentiation. The ubiquitin-proteasome degradation is a
vital mechanism regulating TGF-β/Smad pathway. Smurf2,
an important component of ubiquitin-proteasome system,
participates in its regulation (Kavsak et al., 2000; Zhang et al.,
2001; Ganji et al., 2015). The signal transduction of the TGF-
β/Smad pathway mainly depends on the Smad proteins, which act
as critical intracellular receptors, including Smad1-8 (Massagué
and Wotton, 2000). For example, Smurf2 interacted with Smad7
to compose a complex in the nucleus, then entered the cytoplasm
to degrade TβRI, and inhibits the signal transduction of TGF-
β (Ganji et al., 2015). It also has been reported that Smurf2
combining Smad7-induced output and collection activated TGF-
β receptors. Then the receptor and Smad7 were degraded
via the proteasome and lysosomal pathways (Kavsak et al.,
2000). In this study, we observed Smad2, Smad3 and Smad4
protein levels were upregulated by miR-497-5p mimics and
decreased by miR-497-5p inhibitors, indicating Smad signaling
pathway was activated by miR-497-5p. Furthermore, when
Smurf2 was knocked down by siRNA, Smad2, Smad3 and
Smad4 mRNA and protein levels were upregulated. Our results
suggested that miR-497-5p could directly target Smurf2 and
regulate the osteo/odontogenic differentiation through Smad
signaling pathway.

In the future study, additional strategies might investigate the
effect of miR-497-5p on the osteo/odontogenic differentiation
under the undifferentiated condition and more studies could
be performed to confirm these factors by well-designed
in vivo experiments.

In summary, our study was the first to demonstrate that
miR-497-5p acted as a positive regulator of osteo/odontogenic
differentiation in SCAP. Importantly, miR-497-5p promoted
osteo/odontogenic differentiation by targeting Smurf2 and
modulating the Smad signaling pathway as depicted in Figure 8.
Our findings reveal a novel function of miR-497-5p in the
osteo/odontogenic differentiation, and suggest the application of
miR-497-5p as a potential target to enhance dental pulp/dentine
regeneration and to develop new therapeutic approaches in
dental tissue regeneration.
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Mesenchymal stem cells (MSCs) give rise to adipocytes, osteocytes, and chondrocytes

and reside in various tissues, including bone marrow and adipose tissue. The

differentiation choices of MSCs are controlled by several signaling pathways, including

the Wnt/β-catenin signaling. When MSCs undergo adipogenesis, they first differentiate

into preadipocytes, a proliferative adipocyte precursor cell, after which they undergo

terminal differentiation into mature adipocytes. These two steps are controlled by the

Wnt/β-catenin pathway, in such a way that when signaling is abrogated, the next

step in adipocyte differentiation can start. This sequence suggests that the main role

of Wnt/β-catenin signaling is to suppress differentiation while increasing MSC and

preadipocytes cell mass. During later steps of MSC differentiation, however, active Wnt

signaling can promote osteogenesis instead of keeping the MSCs undifferentiated and

proliferative. The exact mechanisms behind the various functions of Wnt signaling remain

elusive, although recent research has revealed that during lineage commitment of MSCs

into preadipocytes, Wnt signaling is inactivated by endogenous Wnt inhibitors. In part,

this process is regulated by histone-modifying enzymes, which can lead to increased

or decreased Wnt gene expression. The role of Wnt in adipogenesis, as well as in

osteogenesis, has implications for metabolic diseases since Wnt signaling may serve

as a therapeutic target.

Keywords: adipogenesis, Wnt signaling, mesenchymal stem cells, preadipocyte, osteogenesis, C/EBP, PPARγ

INTRODUCTION

Decades of research has established a main role of Wnt signaling in stem cell fate and control
(Nusse, 2008; Van Camp et al., 2014). For example, Wnt/β-catenin signaling is among the main
cell communication pathways in the intestinal stem cell niche in the crypts (Gehart and Clevers,
2019). Wnt signaling is also involved in differentiation and lineage fate decisions, as evinced in
embryonic hematopoietic stem cell development (Richter et al., 2017). In mesenchymal stem cell
(MSC) biology, activation of the β-catenin-dependent canonicalWnt pathway is essential to induce
osteogenic differentiation (Kang et al., 2007). Over recent years, it has become clear that Wnt
signaling also plays a major role in the process of adipogenesis, the differentiation of MSCs into
mature fat cells, or adipocytes. Studies from Ross et al. and Bennet et al. demonstrated for the
first time that autocrineWnt expression suppresses terminal differentiation into mature adipocytes
from the precursor preadipocytes (Ross et al., 2000; Bennett et al., 2002). Moreover, Wnt is also
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involved during the first stages of adipogenesis, when adipocyte
commitment is at the expense of osteogenesis, the formation of
bone cells (Han et al., 2019).

Adipose tissue is a potential source of easily accessible MSCs
(Tsuji et al., 2014). Applications include the development of
replacement therapies for bone, cartilage, and adipose tissues
(Lazar et al., 2018). Likewise, MSCs are also used to treat other
diseases unrelated to connective tissue dysfunction, due to their
signaling and inflammatory mediating properties (Alfaro et al.,
2011). Wnt effectors may be used as pharmaceutical targets for
the treatment of Wnt-related metabolic diseases such as obesity,
type 2 diabetes (T2D), and osteoporosis (Baron and Gori, 2018;
Chen et al., 2018). A better understanding of the signaling routes
during stem cell maintenance and differentiation is essential for
utilization in tissue engineering and safe applications in patients.
In this review, we aim at clarifying the role of Wnt signaling from
MSCs until adipogenesis.

MESENCHYMAL STEM CELLS

MSCs are multipotent adult stem cells and are the progenitors
of many connective tissue types, including bone, fat, cartilage,
and muscle. Thus, MSCs have the ability to differentiate into
adipocytes, osteocytes, chondrocytes, as well as myocytes and
fibroblasts (Figure 1). The cells can be found in many adult
tissues, including bone marrow (BM), and adipose tissue (Alfaro
et al., 2011). MSCs cell populations are quite heterogeneous but
they can be distinguished from each other by a set of positive

FIGURE 1 | Differentiation lineage potential of MSCs into bone (osteogenesis), adipose tissue (adipogenesis), cartilage (chondrogenesis), and muscle (myogenesis).

and negative surface markers. The markers that multipotent
MSCs typically express are CD13, CD29, CD44, CD63, CD73,
CD90, and CD105 and they are negative for hematopoietic
antigens CD14, CD31, and CD45 (Alfaro et al., 2011; Tsuji
et al., 2014). MSCs are identified as having the ability to
differentiate into bone, cartilage, and fat lineages both in vitro
and in vivo. Primary MSCs can be isolated from tissues and
can be cultured in vitro. Typically, the multipotency of primary
isolated MSCs is tested by differentiation into the individual
descendants, confirmed by Oil Red-O staining of neutral lipids
for adipocytes, staining for mineralization for osteocytes, and
staining for glycosaminoglycans for chondrocytes (Alfaro et al.,
2011). After a number of passages cultured MSCs generally
become senescent (Bork et al., 2010). Consequently, permanent
MSC lines like the murine C3H10T1/2, are used experimentally
(Tang et al., 2004). The heterogeneous nature of MSCs is also
true for resident populations in tissues: while adipose-residing
cells possess multi-lineage potential, they have greater adipogenic
potential (Tsuji et al., 2014). Likewise, BM-MSCs are more biased
to differentiate into an osteogenic lineage, in addition to forming
BM-adipocytes (Tsuji et al., 2014; Bukowska et al., 2018).

CANONICAL AND NON-CANONICAL WNT
SIGNALING

The Wnt signaling pathways are a collective of signaling
pathways activated by a family of Wnt proteins. The most
commonly implicated Wnt pathway is through β-catenin, also
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termed the canonical Wnt pathway. Non-canonical systems
include the planar cell polarity (PCP) and Wnt/Calcium
pathways. Wnt signaling plays important roles during embryonic
development as well as in adults (Nusse, 2008). When Wnt is
not present, β-catenin, localized in the cytoplasm, is continuously
degraded through the action of the “destruction complex.”
This multiprotein complex consisting of scaffold protein axis
inhibition protein (Axin), adenomatous polyposis coli (APC),
casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3),
phosphorylates the N-terminus of β-catenin which is then
recognized by β-Trcp, an E3 ubiquitin ligase subunit, followed
by ubiquitination and subsequent proteasome degradation.
Destruction of β-catenin prevents its nuclear localization. The
signaling cascade of the Wnt pathway begins when one of
the Wnt ligands binds to the receptor Frizzled (Fz) and its
co-receptor low-density lipoprotein receptor-related protein 5
and 6 (LRP5/6). Once bound, this can recruit the scaffolding
protein Disheveled (Dvl) to the receptor complex and after
phosphorylation of LRP5/6, this recruits the destruction complex
to the receptors, inhibiting the β-catenin phosphorylating
activity. If β-catenin is active and stable, it translocates to the
nucleus where it forms complexes with co-activators, such as
transcription factor family DNA-bound T cell factor/lymphoid
enhancer factor (TCF/LEF) (MacDonald et al., 2009). This
transcription factor complex starts the expression of downstream
targets genes, including Axin2, a Wnt signaling repressor (Leung
et al., 2002). Several mechanisms are involved in endogenous
inhibition of Wnt signaling.

Secreted Wnt inhibitors factors include Wnt inhibitor protein
(WIF) and secreted Frizzled-related proteins (sFRPs). Dickkopf
(DKK) is a secreted factor that binds and inhibits the LRP5/6 co-
receptors (MacDonald et al., 2009). Other endogenous inhibitors,
such as Axin2, act downstream of the Wnt signaling pathway
(Leung et al., 2002).

ADIPOGENESIS AND PREADIPOCYTES

Adipose tissues fall into two distinct groups: the more common
white adipose tissue (WAT; e.g., subcutaneous WAT and
visceral WAT) and brown adipose tissue (BAT). These are
both derived from adipose-residing MSCs and are generated
in a stepwise differentiation program. MSCs first differentiate
into an intermediate cell type called preadipocytes, during
which the cells undergo growth arrest and mitotic clonal
expansion (Lazar et al., 2018). Preadipocytes are proliferative,
are presumably located near the vasculature in adipose tissues
(Tsuji et al., 2014; Zhang et al., 2018) and have fibroblast-like
morphology. Preadipocytes express the adipogenic transcription
factors CCAAT-enhancer-binding protein β and δ (C/EBPβ/δ)
and low but detectable levels of Peroxisome proliferator-activated
receptor γ (PPARγ) (Park et al., 2004). In preadipocytes C/EBPβ

is present in an inactive state and unable to start transcription
of genes that initiate terminal differentiation (Park et al., 2004).
PPARγ is an indispensable master regulator of the adipocyte
transcriptional program. PPARγ expression is also required
during themaintenance of mature adipocytes (Lee and Ge, 2014).

Terminal differentiation of preadipocytes into mature
adipocytes can be triggered by pro-adipogenic signals (e.g.,
insulin; dexamethasone; 3-isobutyl-1-methylxanthine, IBMX;
or bone morphogenetic proteins, BMPs), resulting in the
upregulation of the adipogenic transcription factors PPARγ and
C/EBPα (Tang et al., 2004; Wang et al., 2014). The differentiating
cells morphologically change from a fibroblast-like morphology
into a spherical shape with a single large lipid droplet (Lazar
et al., 2018). Mature adipocytes are cells with metabolic and
endocrine properties. These characteristics are initiated after
activation of metabolic and adipogenic-specific genes, like fatty
acid-binding protein 4 (FABP4), glucose transporter type 4
(GLUT4), leptin, and adiponectin. The differentiating cells
assemble the machinery that mediates lipogenesis, the metabolic
pathway that converts carbohydrates into triacylglycerols for
storage. In addition, the cells become insulin sensitive, which
is responsible for carbohydrate uptake (Cristancho and Lazar,
2011). Although the scope of this review is to discuss Wnt during
adipogenesis, Wnt signaling also has notable roles in mature
adipocytes, such as lipogenesis (Bagchi et al., 2020). A commonly
used cell line for adipogenesis research is the mouse-derived
permanent 3T3-L1 preadipocyte line. The cells can easily be
grown in vitro and can be differentiated into a mature adipocyte
phenotype (Bennett et al., 2002).

EFFECTS OF WNT FUNCTION IN
PREADIPOCYTES

In general, Wnt signaling is often associated with stem
cell control and maintenance. Stem cells receive signaling
cues from themselves or neighboring cells and can respond
with the appropriate manner; self-renewal or differentiation
(Nusse, 2008). Two decades ago Wnt10b was identified in
preadipocytes as an important factor in cell maintenance and
proliferation. Wnt10b is highly expressed in preadipocytes of
both human and mouse origins (Ross et al., 2000; Bennett
et al., 2002; Christodoulides et al., 2006). Later, Wnt10a
and Wnt6 were also found to have similar control on stem
cell maintenance (Cawthorn et al., 2012). In vitro studies
have shown that blocking the Wnt pathway downstream of
Wnt10b/10a/6 leads to spontaneous differentiation into mature
adipocytes, and accordingly, overexpression of Wnt10b/10a/6
prevented adipogenesis (Ross et al., 2000; Bennett et al., 2002;
Cawthorn et al., 2012). Genetically engineered mice that miss
both alleles of Wnt10b have adipogenic as well as osteogenic
abnormalities (Ross et al., 2000; Bennett et al., 2002; Stevens
et al., 2010; Cawthorn et al., 2012). Perhaps the most compelling
evidence that Wnt10b controls MSC and preadipocyte cell
maintenance inmice is the progressive absence of adipogenic and
osteogenic progenitors and premature adipogenesis/osteogenesis
in Wnt10b-null mice (Stevens et al., 2010) Moreover, there
is evidence that the expression of endogenous Wnt inhibitors
(e.g., WT1 and sFRP1) in preadipocytes is significantly lower
compared to mature adipocytes (Cho et al., 2019).

Wnt signaling impacts the expression of key transcription
factors important in adipocyte differentiation, as has been shown
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by the MacDougald lab: active Wnt signaling in preadipocytes
lowers RNA and protein levels of transcription factors C/EBPα

and PPARγ, both needed for terminal differentiation. This
suggests that Wnt signaling actively inhibits the expression
of C/EBPα and PPARγ in preadipocytes (Ross et al., 2000;
Bennett et al., 2002; Longo et al., 2004). The exact underlying
mechanism of these effects was, until recently, poorly defined.
However, a study by Xie et al. found that Wnt signaling through
Axin2 directly inhibited the transcriptional activity of C/EBPβ

(Figure 2) (Ross et al., 2000; Bennett et al., 2002; Longo et al.,
2004; Xie et al., 2018). Active Wnt signaling in preadipocytes
maintains the expression of Axin2. In the cytoplasm, Axin2 binds
with the Wnt-related kinase GSK3β, which prevents GSK3β
localization in the nucleus. GSK3β is mainly present in the
cytoplasm, but can also be localized into the nucleus where
it possesses kinase activity (Ross et al., 2000; Bennett et al.,
2002; Longo et al., 2004; Shin et al., 2012; Xie et al., 2018).
Given the fact that Axin1 and 2 are largely functional and
structural similar (Chia and Costantini, 2005), it remains to be
investigated why GSK3β is not retained in the cytoplasm by
Axin1 during the Wnt off state. Without GSK3β in the nucleus
C/EBPβ and Snail remain unphosphorylated, the absence of
phosphorylation decreases the DNA binding activity of C/EBPβ

and increases the stability of Snail (Park et al., 2004; Tang et al.,
2005). Unphosphorylated C/EBPβ cannot start the expression of
C/EBPα and PPARγ and stable Snail blocks PPARγ expression.
Disruption of Wnt signaling leads to nuclear localization and
phosphorylation activity of GSK3β, followed by the expression
of C/EBPα and PPARγ mediated by active C/EBPβ (Xie et al.,
2018). In turn, PPARγ binds to the Axin2 promoter and activates
its transcription, leading to continuous canonical Wnt inhibition
(Jho et al., 2002; Hu et al., 2015). Although Axin2 blocks
PPARγ expression, PPARγ does not inhibit its own expression
in a negative feedback loop. In 3T3-L1 cells, the expression of
PPARγ peaks at day 6 of adipocyte differentiation and remains
expressed even in mature adipocytes (Jitrapakdee et al., 2005).
This could be explained by the fact that several transcription
factors (e.g., C/EBPs, KLFs, etc.), induced at various time points
of differentiation can directly activate gene expression of PPARγ

and hereby maintaining its expression pattern (Jitrapakdee et al.,
2005; Lee and Ge, 2014).

EPIGENETIC REGULATION OF WNT IN
ADIPOGENESIS

Once Wnt signaling is inactivate in preadipocytes, the persistent
Wnt expression has to be shut off. Recent research has shown
that the control of enzymes involved in epigenetic regulation
plays a role in this process. Histone acetyltransferases and
histone methyltransferases are enzymes that modify lysine and
arginine residues on histone proteins, by doing that they change
the DNA accessibility, making genes more or less likely to be
transcribed (Jing et al., 2018). Several studies suggest that this
epigenetic regulation is involved in the way cells respond to
Wnt signaling during adipogenesis. After activation of C/EBPβ

during terminal differentiation, this transcription factor is able

to start the transcription of lysine demethylase 5A (KDM5A),
a transcriptional repressor. KDM5A knockdown by siRNAs
resulted in the upregulation of anti-adipogenic Wnt6, so it is
believed that the epigenetic changes caused by KDM5A after
induction of adipogenesis inhibit the Wnt signaling pathway by
preventing the expression of Wnt ligands (Guo et al., 2019).

Enhancer of zeste homolog 2 (EZH2) marks the promoters
of Wnt1/6/10a/10b during adipocyte differentiation with the
repressive epigenetic marker H3K27me3, thus reducing Wnt
expression. EZH2 knockout blocks adipogenesis of brown
preadipocytes, accompanied by significant upregulation of the
Wnt genes. Moreover, these studies reported on a decrease of
H3K27me3 on Wnt promoters and a global increase of the
activating marker H3K27ac levels (Wang et al., 2010). Due
to the changes of H3K27ac in EZH2 knockout cells, which
can alter overall gene expression, the precise role of EZH2
remains unknown.

Additionally, the activity of epigenetic enzymes also affects
howMSCs and preadipocytes respond to Wnt signaling. Histone
Acetyltransferase GCN5 (GCN5), an enzyme that acetylates
histone 3 on lysine 9 (H3K9ac), is known to prime the activation
ofWnt genes, resulting in reduced adipogenesis (Jing et al., 2018).
In BM-MSCs, GCN5 is able to prime transition of cells into an
osteogenic lineage and to alter osteogenic activating signaling
pathways (Zhang et al., 2016). A recent study by Sen et al.
found that the histonemethyltransferase activity of EZH2 activity
could be responsible for keeping MSC in an undifferentiated
state during Wnt signaling activation, since EZH2 knockdown
in BM-MSCs resulted in osteogenesis (Sen et al., 2020). These
findings emphasize that the epigenetic landscape of MSCs and
preadipocytes has a regulatory role in the precise effect of Wnt
signaling. The epigenetic enzymes change the likelihood of gene
transcription, which is cell type-dependent. Therefore, in order
to describe the role of Wnt signaling on heterogeneous cell
populations such as MSCs and preadipocytes, it is required to
have a better understanding of the underlying epigenetics.

WNT SIGNALING DURING ADIPOGENESIS

Since inhibition of the autocrine effect of Wnt10b leads to
spontaneous adipocyte differentiation, it is widely believed
that Wnt signaling inactivation is needed for differentiation
(Figure 3). In fact, when 3T3-L1 cells are treated with the
common terminal adipocyte differentiation protocol (methyl-
isobutylxanthine, dexamethasone, and insulin) the cells have
elevated levels of intracellular cAMP which leads to subsequent
downregulation of Wnt10b expression (Bennett et al., 2002;
Prestwich and MacDougald, 2007). Groucho family member
transducin-like enhancer of split 3 (TLE3), a transcriptional
coregulator, antagonizes TCF4 during terminal differentiation.
This mechanism is speculated to prevent the expression
of β-catenin-dependent Wnt target gene expression during
differentiation (Villanueva et al., 2011). The antagonistic effect
of pro-adipogenic factors on Wnt signaling is also seen in
other signaling factors, including BMPs. These are members
of the transforming growth factor β (TGF-β) signaling family
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FIGURE 2 | The mechanism of the inhibitory role of Wnt/β-catenin pathway in preadipocytes during adipogenesis. (Left) When in preadipocytes the canonical Wnt

pathway is turned on by autocrine Wnt10b, this leads to nuclear localization of β-catenin in the nucleus, where it can bind with LEF/TCF. This transcription factor

complex starts the expression of Axin2 and other genes related to stem cell maintenance and proliferation. Axin2 binds with GSK3β in the cytoplasm, thereby

preventing migration into the nucleus. In this state, inactive C/EBPβ prevents the expression of transcription factors C/EBPα and PPARγ. Additionally, Snail inhibits the

expression of C/EBPα. (Right) If the Wnt pathway is turned off this results in the start of terminal differentiation into mature adipocytes. Immediately preceding Wnt

inactivation in preadipocytes, destruction of β-catenin in the cytoplasm by the destruction complex results in an absence of nuclear β-catenin. Without Axin2, GSK3β

localizes into the nucleus where it phosphorylates Snail and C/EBPβ. Phosphorylation of Snail is accompanied by its degradation while phosphorylation of C/EBPβ

renders its activation. These events start the expression of PPARγ C/EBPα, both crucial for initiating the final stage of adipogenesis. Changes in gene expression and

epigenetic regulators prevent the production and secretion of endogenous Wnt ligands. Moreover, PPARγ starts the expression of Axin2, a Wnt signaling inhibiter.

and are essential molecules for triggering of differentiation
of MSCs (Wang et al., 2014). BMP2 and BMP4 are known
for their importance in the first step of adipogenesis. BMP2
mainly possesses pro-osteogenic properties but was also shown
to be adipogenic. BMP4 is a known pro-adipogenic factor.
BMP4 or 2 treatment in cultured murine C3H10T1/2 MSC
cells differentiates these cells into a proliferating preadipocyte
phenotype. Applying the terminal adipocyte differentiation
protocol on BMP4-induced preadipocytes successfully generated
mature adipocytes (Tang et al., 2004). Mechanistically BMPs
act via SMAD1/5/8 proteins or an alternative pathway, via
p38 mitogen-activated protein kinase (p38MAPK) (Wang et al.,
2014). Lysyl oxidase (Lox) is a protein expressed downstream
of p38MAPK and stimulates adipogenesis. Inhibition of Lox not

only results in an absence of adipogenesis but also leads to an
elevated activation of the Wnt signaling pathway and BMP4-
induced osteogenesis (Jiang et al., 2018). These findings suggest
that the on or off state of the canonical Wnt pathway determines
the lineage potential during BMP-induced differentiation of
MSCs. This is in line with the well-established required role of
Wnt signaling activation during osteogenesis (Day et al., 2005;
Hill et al., 2005).

Wnt5a and b, two Wnt proteins responsible for turning
on non-canonical signaling have been described to have pro-
adipogenic properties. Importantly, Wnt5a/b have a direct effect
on the adipose transcription factors, since they are able to
activate PPARγ (van Tienen et al., 2009). However, the effects
of Wnt5a/b are not always consistent and unlike the canonical
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FIGURE 3 | The effect of canonical Wnt during the several stages of

adipogenesis and early osteogenesis from MSCs.

Wnt signaling pathway, the importance of non-canonical Wnts
during adipogenesis in vivo is less established (Fuster et al.,
2015). For instance, Wnt5a/b have a completely opposite effect
in BM-MSCs compared to preadipocytes. In BM-MSCs they are
anti-adipogenic and have the potential to induce osteogenesis
by upregulation of osteogenic master regulator Runt-related
transcription factor 2 (Runx2) (Kitagawa et al., 2007). In
addition, the role of Wnt5a is dose-dependent in rat MSCs and
preadipocytes, lower concentrations have been shown to prevent
adipogenesis and higher concentrations are pro-adipogenic, via
an anti-β-catenin and Wnt/PCP-independent manner (Tang
et al., 2004; Kitagawa et al., 2007). The multifactorial role is
related to which type of signaling pathways are activated by
Wnt5a/b proteins. For instance, Park and colleagues found
an alternative Wnt signaling mechanism independent of the
canonical Wnt pathway. This signaling pathway, named Wnt-
YAP/TAZ, interacts with the non-canonical PCP/Wnt pathway
and have Yes-associated proteins (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ) as downstream
effectors (Park et al., 2015). Wnt5a/b are agonists of Wnt-
YAP/TAZ signaling and there is evidence that it can initiate
terminal adipocyte differentiation (Park et al., 2015). To activate
this pathway, Wnt5a/b bind to the Fz receptor, and the tyrosine
kinase-like orphan receptor 1 and 2 (ROR1/2) have to act as co-
receptors (Ackers and Malgor, 2018). MSCs from adipose tissue
have been shown to contain a significantly higher population of
ROR2 positive cells compared to BM-MSCs (Dickinson et al.,
2017). Consequently, this could point out that the effect of
non-canonical Wnt is cell type-dependent.

WNT/β-CATENIN IN EARLY
OSTEOGENESIS

The formation of bone cells (or osteogenesis), happens at
the expense of adipocyte differentiation, and this bifurcation
is regulated by Wnt signaling. Two distinct mechanisms are
involved in skeletal bone development, intramembranous and

endochondral ossification. The first is characterized by direct
formation of osteoblasts while the latter proceeds through
an intermediate step of chondrocytes (Day et al., 2005).
During the formation of intramembranous bone, MSCs directly
differentiate into heterogenous osteoblast precursors which can
later develop into osteocytes (Franz-Odendaal et al., 2006).
The differentiation program is launched when the cells start
expressing the osteogenic transcription factors Runx2 and
SP7/Osterix (Komori, 2011). Runx2 is for example responsible
for the expression of bone matrix proteins and Osterix for
the upregulation of proteins initiating mineralization (Renn
and Winkler, 2009; Komori, 2010). It is well-established that
Wnt signaling can directly promote this differentiation process.
Activated β-catenin starts the expression and activation of Runx2
which then results in the expression of transcription factors
Osterix and TCF7. Noteworthy, Runx2 expression can also be
induced by other signals such as fibroblast growth factor or
Hedgehog (Komori, 2011). Mice with a conditional deletion of
β-catenin in preosteoblasts exhibit a complete block of osteoblast
differentiation, but these cells still expressed Runx2 (Day et al.,
2005; Hill et al., 2005). This means that the induction of Runx2
expression does not depend on Wnt signaling, but that the
signaling cascade is vital to proceed osteogenesis. A recent study
found that a novel regulator of theWnt pathway, Z-DNA-binding
protein 1 (ZBP1), formed a positive feedback loop with the Wnt
signaling pathway that could inhibit adipogenesis and promote
osteogenesis. Moreover, ZBP1 was required for Wnt signaling
in MSCs, indicating that ZBP1 could play a role in lineage
specification of MSCs (Zhao et al., 2020).

THE ROLE OF WNT DURING IN VITRO

MSC EXPANSION AND REGENERATIVE
MEDICINE (RM)

MSCs can truly be beneficial for use in RM since there are many
clinical applications for the cells, including bone, fat, and cartilage
graft development for (auto)transplantation. Although isolated
human MSCs are self-renewing stem cells, they have limited
doubling potential when cultured in vitro. Long term culture of
MSCs renders the cells senescent, and the cells stop proliferating
(Liu et al., 2020). This is a major hurdle, since expansion might
be needed to collect enough cells to create an MSC-derived graft
(Liu et al., 2020). Signaling factors such as FGF, have the potential
to stimulate MSC expansion and prevent them from becoming
senescent (Tsutsumi et al., 2001; Bork et al., 2010). Likewise,
active β-catenin in MSCs has been associated with increased
proliferation without altering its potential to differentiate into
adipocytes, osteocytes, or chondrocytes. Treatment of murine
C3H10T1/2 cells with β-catenin agonist, 6-bromoindirubin-
3′-oxime (BIO), showed that besides significant increase of
proliferation, the cells exhibited higher levels of expression of
pluripotency genes SRY-box 2 (Sox2), Nanog, octamer-binding
transcription factor 4 (Oct4), and Cyclin D1 (Hoffman and
Benoit, 2015). In MSCs, these markers have been demonstrated
to have a direct effect on maintaining the undifferentiated
state as well as promoting proliferation (Tsai and Hung, 2012).
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MSCs extracted from different locations express several Wnt
ligands, and endogenous Wnt signaling is required for stem cell
maintenance (Etheridge et al., 2004; Tantrawatpan et al., 2013;
Jothimani et al., 2020). Thus, this suggests that the canonical
Wnt pathway mediates the stemness as well as osteogenesis in
an intricate balance. However, more research has to be carried
out to establish this underlying mechanism and how to apply this
in vitro.

IMPAIRED WNT SIGNALING IN MSCs

Impaired Wnt signaling can lead to disease, and this is also true
for mesenchymal tissues. Since mesenchymal tissue types are
constantly renewed (Alfaro et al., 2011), impaired signaling can
have significant effects on metabolism, as seen in osteoporosis,
T2D, and obesity (Baron and Kneissel, 2013; Chen et al., 2018).
One example of overly active Wnt signaling in adipose tissue
is seen in T2D patients with a mutation in the transcription
factor 7-like 2 gene (TCF7L2) (Chen et al., 2018), a transcriptional
repressor of the Wnt signaling pathway (Mandal et al., 2017). In
vivo experiments with inactive mutations of TCF7L2 results in
impaired adipogenesis characterized by increased subcutaneous
adipose tissue mass, adipocyte hypertrophy, and inflammation.
All mechanisms that are manifested when there is an excess of
lipids. Moreover, this was accompanied by whole-body glucose
intolerance and hepatic insulin resistance, a T2D hallmark (Kahn
et al., 2006; Jo et al., 2009; Chen et al., 2018). On the other
hand, a decrease in Wnt activity can also be detrimental, as
seen in osteoporosis. Osteoporosis is a bone disease characterized
by lowered bone density and increased bone fragility. Patients
suffering from this disease have diminished osteogenesis and
the Wnt signaling pathways are shown to be responsible.
More specifically, loss-of-function mutations of the co-receptors
LRP5/6 were identified as the cause (Baron and Kneissel, 2013).
Increased BM adipose tissue (BMAT), a special type of adipose
tissue distinct from WAT or BAT naturally residing in BM
(Bukowska et al., 2018), is also related to osteoporosis. The
lineage potential of MSCs from patients with osteoporosis was
more biased toward differentiation into adipocytes and signaling
from BMAT was shown to promote adipogenesis of BM-MSCs
(Astudillo et al., 2008). Wnt and its downstream effectors could
serve as potential therapeutic targets (Hoeppner et al., 2009).

CONCLUDING REMARKS

Adipogenesis, the process of the formation of adipocytes from
MSCs, is tightly regulated by signaling pathways. The Wnt
signaling pathways are among these and have been proven to be
crucial for MSC lineage specification. It is widely documented
that canonical Wnt signaling regulates several steps in this

differentiation process, but the precise underlying mechanisms
remain poorly understood. In recent years, MSCs have been
shown to be promising for use in regenerative medicine
(Hoeppner et al., 2009; Alfaro et al., 2011).

In adipose tissue, Wnt signaling promotes stem cell
maintenance of preadipocytes. The stem cell niche of
preadipocytes, however, does not solely consist of preadipocytes
and adipocytes. Other cell types that reside in the cell type
niche are fibroblasts, immune cells, endothelial cells, and a small
fraction of MSCs. Preadipocytes can be found in the stromal
vascular fraction of adipose tissue and this is believed to be in
close proximity of the blood vessels (Tsuji et al., 2014; Zhang
et al., 2018). Secretion of signaling factors by some of these
neighboring cells was shown to be essential in the mediation of
adipogenesis (Zhang et al., 2018; Sebo and Rodeheffer, 2019).
It remains unclear if these other cell types also express Wnt
ligands, but autocrine action of Wnt10b/10a/6 by preadipocytes
is believed to be the main source (Ross et al., 2000; Bennett et al.,
2002; Cawthorn et al., 2012).

A limitation of many studies related to adipogenesis and
MSCs biology is the use of non-human permanent cell lines
3T3-L1 and C3H10T1/2 (Ross et al., 2000; Longo et al.,
2004; Tang et al., 2004), although they provide consistency
across experiments, which would be difficult with isolated
human MSCs and preadipocytes. These permanent cell line
do not faithfully represent the highly heterogeneous nature of
MSCs, however. Primary cultures of MSCs should be included
as well, but culturing these cells has been proven difficult
(Bork et al., 2010).

In conclusion, Wnt signaling mainly plays a role in
suppressing adipogenesis during several stages of differentiation.
It seems that the main role of suppression is to increase the
MSC and preadipocytes cell mass. Epigenetic and transcriptional
regulators have a significant impact on this process, but it is
still poorly understood how transcriptional regulation and Wnt
signaling interact during adipogenesis.
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Human Bile Contains Cholangiocyte
Organoid-Initiating Cells Which
Expand as Functional
Cholangiocytes in Non-canonical
Wnt Stimulating Conditions
Floris J. M. Roos1, Monique M. A. Verstegen1, Laura Muñoz Albarinos1, Henk P. Roest1,
Jan-Werner Poley2, Geert W. M. Tetteroo3, Jan N. M. IJzermans1 and
Luc J. W. van der Laan1*

1 Department of Surgery, Erasmus Medical Center, University Medical Center Rotterdam, Rotterdam, Netherlands,
2 Department of Gastroenterology and Hepatology, Erasmus Medical Center, University Medical Center Rotterdam,
Rotterdam, Netherlands, 3 Department of Surgery, IJsselland Hospital, Capelle aan den IJssel, Netherlands

Diseases of the bile duct (cholangiopathies) remain a common indication for liver
transplantation, while little progress has been made over the last decade in
understanding the underlying pathophysiology. This is largely due to lack of proper
in vitro model systems to study cholangiopathies. Recently, a culture method has
been developed that allows for expansion of human bile duct epithelial cells grown
as extrahepatic cholangiocyte organoids (ncECOs) in non-canonical Wnt-stimulating
conditions. These ncECOs closely resemble cholangiocytes in culture and have shown
to efficiently repopulate collagen scaffolds that could act as functional biliary tissue in
mice. Thus far, initiation of ncECOs required tissue samples, thereby limiting broad
patient-specific applications. Here, we report that bile fluid, which can be less invasively
obtained and with low risk for the patients, is an alternative source for culturing ncECOs.
Further characterization showed that bile-derived cholangiocyte organoids (ncBCOs)
are highly similar to ncECOs obtained from bile duct tissue biopsies. Compared
to the previously reported bile-cholangiocyte organoids cultured in canonical Wnt-
stimulation conditions, ncBCOs have superior function of cholangiocyte ion channels
and are able to respond to secretin and somatostatin. In conclusion, bile is a new,
less invasive, source for patient-derived cholangiocyte organoids and makes their
regenerative medicine applications more safe and feasible.

Keywords: cholangiocytes, bile, organoids, minimal invasive, human, non-canonical Wnt

INTRODUCTION

Cholangiopathies are associated with significant morbidity and mortality (Murray and Carithers,
2005; Levitsky, 2011). Insight in the underlying pathophysiology and treatment options is
incomplete, mostly due to the lack of good model systems to culture and expand primary human
cholangiocytes (Sampaziotis et al., 2015). Recently, Sampaziotis et al. (2017) described a method
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to expand primary human cholangiocytes from extrahepatic
bile duct biopsies and culture them as three-dimensional (3D)
organoids. These so-called extrahepatic cholangiocyte organoids
(ncECOs) retained most biliary characteristics in culture and
were successfully used to bioengineer artificial ducts that, after
transplantation in mice, act as functional bile ducts. The culture
of ncECOs is driven by non-canonical Wnt-signaling (ncECOs)
stimulated by R-spondin in combination with Dickkopf-related
protein-1 (DKK-1). Also in vivo, non-canonical Wnt-stimulation
is important for cholangiocyte homeostasis and proliferation
responses to bile duct injury (Cui et al., 2011; Strazzabosco and
Fabris, 2012). Although highly effective, to grow these organoids
either a tissue biopsy from the gallbladder or a brush via
an endoscopic retrograde cholangiopancreatography (ERCP) is
needed (Sampaziotis et al., 2017; Tysoe et al., 2019). These options
are potentially harmful to patients (Seeff et al., 2010) or are
procedures not regularly performed. This limits broad patient-
specific disease modeling and regenerative medicine applications.
To avoid the need for tissue-derived samples, we explored the use
of human bile as an alternative, less invasive, source for patient-
derived ncECOs. A recent study published by Soroka et al. (2019)
showed feasibility of culturing cholangiocyte organoids from bile,
obtained by ERCP. The expansion of these bile-derived organoids
were driven by canonical Wnt-signaling originally described
for the growing intrahepatic cholangiocyte organoids (cICOs)
(Huch et al., 2015). This canonical Wnt-signaling is stimulated
by R-spondin, providing a cholangiocyte with a more stem cell-
like phenotype compared to in vivo cholangiocytes (Sato et al.,
2009, 2011; Barker et al., 2010; Soroka et al., 2019; Rimland
et al., 2020). Moreover, these canonical Wnt stimulation culture
conditions will likely result in a different cell phenotype than
observed under non-canonical Wnt conditions (Sampaziotis
et al., 2017). Since bile duct tissue-derived ECOs cultured in
canonical-Wnt conditions (cECOs) do upregulate Wnt-target
genes, while ncECOs do not (Sampaziotis et al., 2017; Verstegen
et al., 2020). Currently, it is unknown whether under non-
canonical Wnt-stimulated conditions cholangiocyte organoids
can be expanded from bile and retain a more cholangiocyte-like
phenotype. Therefore, the aim of this study is to initiate and
expand non-canonical Wnt driven cholangiocyte organoids from
bile (ncBCOs) and to compare these to canonical-Wnt driven bile
cholangiocyte organoids (cBCOs) from the same bile samples and
to ncECOs from (paired) bile duct tissue.

MATERIALS AND METHODS

Bile and Tissue Collection
Fresh bile (1 ml) was collected from patients receiving an ERCP
(n = 8) for their regular treatment (complete list of patients see
Supplementary Table 1). In addition, bile (3 ml) was collected
ex vivo from gallbladders after surgical removal (n = 8). Bile
from gallbladders was collected from donor livers allocated
for liver transplantation (n = 8). Additionally, tissue samples
were collected from gall bladders (n = 5), either collected after
cholecystectomy (n = 1) at the IJsselland Hospital, Capelle aan
de IJssel, Netherlands, or were along with liver biopsies (n = 3)

or extrahepatic bile duct (EHBD, n = 4) biopsies, collected from
gall bladders from donor livers allocated for liver transplantation
(n = 4). All bile samples were stored immediately on ice and
were processed as soon as possible after collection. All patients or
their next of kin consented with the use of their bile or tissue for
research purposes by signing an informed consent, and the use
of this material was approved by the Medical Ethical Committee
of the Erasmus MC, Rotterdam (MEC-2014-060, MEC-2016-743,
and MEC 2018-1174).

Generation and Culture of Canonical and
Non-canonical Wnt Stimulated
Cholangiocyte Organoids From Bile and
Tissue
For the initiation (of culture) of canonical Wnt stimulated bile
or intrahepatic or extrahepatic bile duct tissue cholangiocyte
organoids (cBCOs, cICOs, and cECOs, respectively), and non-
canonical Wnt stimulated extrahepatic bile duct tissue (ncECOs),
we used protocols similar to the ones previously published (Huch
et al., 2015; Sampaziotis et al., 2017; Soroka et al., 2019; Rimland
et al., 2020; Verstegen et al., 2020). For detailed methodology,
please refer to Supplementary Material and Methods. Human
ncBCOs (n = 16) were cultured from 1 ml (ERCP) or 3 ml of
bile (gallbladder), depending on the source. Bile was centrifuged
at 453 g for 5 min at 4◦C, supernatant was removed, and
the cell pellet was washed twice with excess cold William’s-
E medium (WE). Finally, the pellet was suspended in WE
and filtered through a 70-µm cell strainer to remove debris.
Afterward, cells were plated out in a 25-µl droplets of basement
membrane extract (BME, Cultrex) and culture medium (WE
with supplements) was added according to the standard ncECO
protocol (Sampaziotis et al., 2017; Tysoe et al., 2019). Medium
was changed twice a week, and cultures were split in a 1:2 to
1:10 ratio depending on the number and size of organoids grown.
Cultures were routinely checked for mycoplasma contamination,
which came back negative. All experiments with ncECOs and
ncBCOs were performed with passage five or higher, unless
stated otherwise. For a complete overview of the nomenclature
and culture conditions for cholangiocyte organoids and patient
characteristics, see Supplementary Tables 1, 3.

Flow-Cytometry of Bile-Derived Cells
and ncBCOs
Fresh human bile was obtained from patients immediately
after collection via ERCP (n = 3) and stored at 4◦C during
transportation. Bile was transferred to a 15 mL Falcon tube and
centrifuged for 5 min at 4◦C, supernatant was removed, and
the cell pellet was washed twice with WE. ncBCOs were made
single cell by incubation with Trypsin-EDTA (TE) for 25 to
40 min, at 37◦C. Cells were washed in WE and put through a cell
70 µm cell strainer. Samples were blocked in 1% bovine serum
albumin (BSA)-Phosphate-buffered saline (PBS) for 15 min.
TROP2 antibody (Invitrogen; rabbit monoclonal conjugated to
Alexa Fluor-488, clone MR54, used 1:100) was added (30 min,
on ice), and cells were subsequently measured on a Canto flow
cytometer (BD Biosciences).
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RNA Extraction, cDNA Synthesis, and
RT-qPCR
RNA was harvested by the addition of 700 µl of QIAzol lysis
reagent (Qiagen) per two 25-µl domes of ncECO (n = 6), ncBCO
(n = 6), and cBCOs (n = 6). RNA extraction and subsequent
cDNA synthesis was performed as previously published (Roest
et al., 2019). In short, RNA was isolated using an miRNeasy
kit (Qiagen) according to the manufacturer’s protocol. RNA
concentration was measured using a NANOdrop 2,000 (Thermo
Fisher). cDNA (500 ng) was prepared using 5× PrimeScript
RT Master Mix in a 2,720 thermal cycler (Applied Biosystems).
RT-qPCR was performed with the primer sets provided in
Supplementary Data Table 2. All RT-qPCR data are presented
as mean with a 95% confidence interval. RT-qPCR values
are relative to the housekeeping gene Hypoxanthine-guanine-
fosforibosyl-transferase (HPRT) or Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and for visual interpretation multiplied
by 105 or 106.

Immunohistochemistry
Immunohistochemistry (IHC) was performed according to
standard procedures as previously described for cICOs; liver
biopsies obtained from donors allocated for transplantation were
taken along as control (Huch et al., 2015). In short, formalin-
fixed, paraffin-embedded bile duct biopsies were sectioned (4 µm
thick) and processed according to standard procedures. Antigen
retrieval was performed in citrate buffer (pH 6.0) for 10 min in
sub boiling temperatures and non-specific reactions were blocked
by incubation with 10% goat serum in a 1% BSA-PBS solution.
The sections were exposed to primary antibodies overnight at
4◦C Cytokeratin (KRT)19 and KRT7 antibodies (both Dako were
used in 1:100 dilution in 1% BSA-PBS). The antibody for Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR, EMD
Millipore Corp.) was used in a 1:200 dilution of 1% BSA-PBS.
Sections were subsequently incubated with Envision + system
horseradish peroxidase anti-mouse secondary antibody (Dako)
at room temperature for 60 min, before staining with 3′-
diaminobenzidine (DAB). Nuclei were stained by hematoxylin.
Analysis was done with a Carl Zeiss Axioskop 20 microscope, and
images were taken with a Nikon Digital Side DS-5M camera.

Gene-Array Selection-Based qRT-PCR
Twenty genes were selected from the online published
Microarray gene expression data corresponding to the heat
map (Figure 1D) published in Sampaziotis et al. (2017). Out of
the gene-expression heatmap, 10 genes were selected, which have
a similar expression between primary human cholangiocytes and
ncECOs, five genes were selected, which have higher expression
in ncECOs compared with primary human cholangiocytes and
five genes, which have lower expression in ncECOs compared
with primary human cholangiocytes. Additionally, 15 genes
known to be Wnt-target/stem cell-related or hepatocyte and
cholangiocyte specific, were selected (Huch et al., 2015), and their
expression was assessed by RT-qPCR. The selected genes and
correlating primer sets are listed in Supplementary Data Table 2.
The details on the ncECOs and ncBCOs used are described in

Supplementary Data Table 1. A Z-stack heat-map was created
by unsupervised hierarchical clustering in R (version 3.5.1, R
Core Team) supplemented with package Gplots (version 3.0.1).

Swelling of Cholangiocyte Organoids
To assess functionality of secretin and somatostatin, a slight
modification of the Forskolin-Induced Swelling (FIS) assay as
developed by Dekkers et al. (2013) was applied. For this, ncECOs
and ncBCOs organoids were incubated for 30 min with 3 µM
calcein-green (Invitrogen), stimulated with secretin (10 µM) or
secretin and somatostatin (100 µM) and analyzed by confocal
live cell microscopy at 37◦C for 120 min (LSM710, Zeiss).
The total or single organoid area (XY plane) increase relative
to t = 0 of secretin treatment was quantified using velocity
imaging software (Improvision) and compared to non-stimulated
controls. Cell debris and unviable structures were manually
excluded from image analysis.

Gamma-Glutamyltransferase Assay
Ten microliters of supernatant of cholangiocyte organoids from
bile (ncBCOs, n = 3) and from tissue (ncECOs, n = 3)
were collected. Next, Gamma-glutamyltransferase (GGT) activity
colorimetric assay kit (MAK089; Sigma-Aldrich) was used
according to the manufacturer’s protocol.

Rhodamine 123 Transport Assay
Functionality of the multi drug resistance-1 (MDR-1) transporter
was performed according standard protocol using a commercially
available Rhodamine 123 assay (Sigma Aldrich) (Sampaziotis
et al., 2017). Rhodamine 123 transport was determined by
incubating the cultures with Rhodamine 123 (100 µM, Sigma
Aldrich) for 5◦min at 37◦C. Subsequently, specificity of the MDR-
1 transporter was determined by blocking the transporter with
Verapamil (10◦µM, Sigma Aldrich) for 30◦min at 37◦C prior to
Rhodamine 123 incubation (100◦µM, Sigma Aldrich). Confocal
analysis was performed to determine MDR-1 activity. Images
were acquired with a Leica SP5 confocal microscope (LEICA)
equipped with a 488-nm laser.

Ussing Chamber Assay
Extrahepatic cholangiocyte organoids, ncBCOs, cICOs, and
cBCOs (all n = 3) were collected from 10–25 µl domes. Organoids
were collected in WE, centrifuged (453 g, 5 min, 4◦C) and
the supernatant was removed. Organoids were mechanically
broken by pipetting up and down and were spun down again.
A single cell suspension was made through incubation of the
organoids in 1 ml TE for 25 to 40 min, at 37◦C. Cells were
washed in WE and put through a cell 70 µm cell strainer.
Approximately, 3 × 105 cells were resuspended in 200 µm
WE-medium with supplements (Sampaziotis et al., 2017) and
seeded on Transwell inserts (24-well plate 6.5 mm, Corning).
Medium was changed twice per week. To check confluency,
electrophysiological analysis (TEER) was performed after 4 days.
The confluent Transwells were placed in an Ussing chamber
set up to analyze functional cholangiocyte-specific transporter
channels (CFTR and Ca2+ dependent Cl− channel) using
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FIGURE 1 | Creation and culturing of bile cholangiocyte organoids in non-canonical Wnt stimulating conditions (ncBCOs). (A) Schematic representation of initiation
of ncBCOs from endoscopic retrograde cholangiopancreatography (ERCP) collected bile. First bile is collected via an ERCP-procedure (1 ml) Organoid-initiating cells
(viable cholangiocytes) are present in bile and bile should be quickly transferred on ice for processing. Next the bile was diluted and washed a total of three times
with William’s-E medium, to remove all bile from the cells. If a lot of debris is present, additional cells could be passed through a 70 µm cell strained. Subsequently, a
hydrogel (Matrigel, Corning or base membrane extract, Cultrex) is added and the cells are plated out in 25 µl of hydrogel droplets and cholangiocytes are expended
as organoids. (B) (i) A representative image of ncBCOs at passage 0 (P0) after 5 days in culture. (ii) P5 ncBCOs showing mostly cyst-like organoids. (iii) A
representative of an extrahepatic cholangiocyte organoid in non-canonical Wnt stimulating conditions (ncECO) P3. (iv) ncECO passage P5. All scale bar indicates
1,000 µm. (C) (i) Trop2 flow cytometry of all cells counted as an event in bile, indicating that Trop2pos cells are dominantly present in bile, in (ii) the mean percentage
of Trop2poscells in ncBCOs are displayed. (D) Number of passages of the 13 ncBCOs cultured before cryopreservation and storage.
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Acquire and Analyze Software 2.3 (Physiologic Instruments, San
Diego, CA, United States). For detailed methodology of the
conditions, please see Supplementary Material and Methods.

RNA Isolation for Microarray
Total RNA was isolated from cECOs using the miRNEAsy mini
kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol and eluted in 30 µl of RNAse-free water. RNA
concentration and integrity were determined using a Nanodrop
2000 (Thermo Fisher Scientific, Waltham MA, United States)
and a Bioanalyzer 2,100 (Agilent Technologies, Santa Clara CA,
United States), respectively. A total of 300 ng RNA was reversed
transcribed, amplified, and biotin-labeled using the Illumina
TotalPrep RNA Amplification Kit (Ambion-Life Technologies,
Carlsbad CA, United States) according to the manufacturer’s
guidelines. HumanHT-12 v4 Expression BeadChips (Illumina,
San Diego CA, United States) were overnight hybridized with
750 ng cRNA, washed, stained, and scanned on an iScan and
analyzed using GenomeStudio V2011.1 software (both from
Illumina, Inc.).

Microarray Analysis
Microarray analysis was based upon the publically available
data of ncECOs from ArrayExpress E-MTAB-4591 [Sampaziotis
et al. (2017), Nature Medine 2017, n = 3], cICOs (n = 3)
from the ArrayExpress E-MTAB-9044 (Roos et al. unpublished),
and the novel data generated for cECOs (deposited at Array
Express, E-MTAB-9807). Bead types missing in one or more
arrays were excluded, and the resulting non-normalized raw
probe data set was combined with the open datasets. The
file, describing for each probe AVG_Signal and Detection Pval,
was loaded into R using the limma package (Ritchie et al.,
2015). limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Research 43,
e47). Probes that were present at least once (Detection Pval
<0.01) were considered as being expressed (21,929 probes) and
used for further analysis. Following filtering, the data were
background subtracted, normalized, and log2 transformed using
the VSN package (Huber W, von Heydebreck A, Sueltmann H,
Poustka A, Vingron M (2002). “Variance Stabilization Applied
to Microarray Data Calibration and to the Quantification of
Differential Expression.” Bioinformatics, 18 Suppl. 1, S96-S104).
The heatmap was conducted in R using heatmap.2 functions.

Statistical Analysis
All analyses were conducted using SPSS software (statistical
Product and Service solutions, version 22, SSPS Inc., Chicago,
IL, United States), and graphs were performed using GraphPad
Prism 7.0 (GraphPad Software Inc., United States). Continuous
variables were tested using an independent T-test or Mann–
Whitney-U test and presented with normal distribution as
means with standard error of the mean and if not normally
distributed, they are presented as range. Gene array unsupervised
hierarchical clustering data was statistically analyzed using
Pearson’s correlation was calculated between the eight samples
(reference ncBCO 10). In all tests, a P-value of <0.05 was
considered significant.

RESULTS

Cholangiocyte Organoids in
Non-canonical Wnt Stimulating
Conditions Can Successfully Be
Expanded From Human Bile
In Figure 1A, a schematic overview of the culture protocol for
bile cholangiocyte organoids (ncBCOs) from bile is displayed.
As shown in Figure 1B, ncBCOs could be successfully cultured
from bile obtained from multiple organ donors or patients with
different underlying liver or biliary diseases (n = 15). Donor,
patient, and culture characteristics are shown in Supplementary
Data Table 1. NcBCOs could be initiated from both ERCP- and
gallbladder bile with a high success rate (15 from 16, 94%).
Morphologically ncECOs and ncBCOs looked similar under
bright-field microscopy (Figure 1B). Recent evidence showed
that primary human cholangiocytes are Trop2 positive (Aizarani
et al., 2019). Thus, to investigate if primary cholangiocytes
are present in bile we looked at Trop2pos cells. As shown
in Figure 1C, the Trop2pos cell population was the highly
dominated population within the bile samples (mean percentage
62.20 ± 2.69). To confirm that ncBCOs resemble their Trop2pos

organoid-initiating population in vitro, we performed flow
cytometry analysis on ncBCOs. As indicated by Figure 1C,
almost all cells found within organoids are indeed Trop2pos

(mean percentage 95.43 ± 0.67) highlighting their resemblances
to primary cholangiocytes. Similar to ncECOs, ncBCOs rapidly
expanded and could be passaged approximately one time a week
in a 1:3 ratio. ncBCOs could be passaged for at least 15 passages
(>3 months) (Figure 1D).

ncBCOs and ncECOs Have Similar Gene-
and Protein-Expression Profiles
To determine the phenotype of ncBCOs, gene-expression of a
selected number of cholangiocyte-specific genes was assessed
and compared to ncECOs using qRT-PCR (Sampaziotis et al.,
2017). Organoid lines included for qRT-PCR analysis were
almost all (four out of six) paired from the same donor to
overcome donor variances. Additionally, samples were from
patients with a similar disease (ncBCO8 and ncECO11), or with
a relatively healthy bile duct (ncBCO10 and ncECO12). Details
of the origin of the organoids are shown in Supplementary
Table 1). Expression of cholangiocyte markers KRT19, KRT7, and
hepatocyte nuclear factor-1beta (HNF1β), CFTR, Trefoil Factor 1
(TFF1), Trefoil Factor 2 (TFF2), and biliary progenitor marker
sex-determining region Y (Sox)9 was assessed. As shown in
Figure 2A, these cholangiocyte markers were highly expressed in
ncECOs and ncBCOs and no significant differences in expression
was observed. As a control, the expression of hepatocyte
markers albumin (ALB) and CYP3A4 compared to liver-tissue
biopsies, as well as the Wnt-target gene leucine-rich repeat-
containing G-protein coupled receptor 5 (LGR5) and the stem
cell marker prominin-1, also known as CD133, was determined
(Figure 2B). Compared to liver biopsies that mostly consists of
hepatocytes, the expression of the hepatocyte markers albumin
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FIGURE 2 | Gene and protein expression between bile-derived cholangiocyte organoids (ncBCOs) and extrahepatic cholangiocyte organoids (ncECOs) is similar.
(A) Gene expression profiles of selected genes between ncECOs (n = 6) and ncBCOs (n = 6) for eight mature cholangiocyte-related genes relative to the reference
gene hypoxanthine-guanine-fosforibosyl-transferase (HPRT ) (for characteristics of organoid lines or gene and primer details see Supplementary Data Tables 1, 2).
Error bars are presented as standard error of the mean (SEM). (B) Gene expression profiles of selected hepatocyte and stemness/Wnt-target-genes between
ncECOs (n = 6), ncBCOs (n = 6), and liver-biopsies (n = 3) relative to the reference gene HPRT, indicating that ncECOs and ncBCOs have very low expression of
hepatocyte-related genes: Albumin and Cyp3A4, and they have similar expression of stemness/Wnt-target-related genes. Error bars are presented as SEM.
(C) Gene-expression profiles of ncBCOs and ncECOs are highly similar for these 35 selected genes. The included genes were selected based on published results
by Sampaziotis et al. (2017) Figure 1D along with additional Wnt-target, cholangiocyte and hepatocyte related genes (Huch et al., 2015) and were quantified by
qRT-PCR (see Methods and Supplementary Data Table 2). Euclidean hierarchical clustering did not show a significant segregation of gene-expression between
ncECOs and ncBCOs. (D) Immunohistochemistry (IHC) staining of cystic fibrosis transmembrane conductance regulator (CFTR) in ncBCOs showing polarization of
our organoids and luminal CFTR expression, similar to liver biopsies, top row scale bars indicate 200 µm, bottom scale bars indicate 50 µm.
(E) Immunohistochemistry of ncBCOs and ncECOs showing comparable staining of cytokeratin, (KRT)19, and KRT7. Moreover, it reveals a columnar-like cell,
resembling primary cholangiocytes as shown on liver tissue coupes. All scale bars in IHC pictures of ncECOs and ncBCOs represent 25 µm, and all scale bars from
the liver biopsy pictures represent 100 µm.*Statistical significant difference (P < 0.05).
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and Cyp3A4 was 17,500–114,970 times and 32–260 times lower
in ncECOs and ncBCOs, respectively (Figure 2B), highlighting
the resemblance of ncECOs and ncBCOs with cholangiocytes.
Furthermore, no differences in gene-expression for LGR5 and
CD133 could be determined between ncECOs and ncBCOs. To
further confirm that ncBCOs have a similar gene expression
profile as ncECOs, the expression of 35 genes (for gene selection
see Material and Methods) was determined in ncBCOs and
ncECOs using cluster analyses. Pearson correlation coefficient
showed no major differences between the expression of these
genes in both organoid types (Figure 2C). To confirm that the
organoids are polarized, a CFTR-staining was performed, as
shown in Figure 2D. CFTR is predominantly expressed on the
luminal side of our ncBCOs, resembling the in vivo situation
in the liver (Figure 2D). Furthermore, IHC staining of KRT7
and KRT19 confirmed expression of both cholangiocyte markers
in the cytoplasm of ncBCO and ncECOs. Moreover, histology
revealed a typical columnar-like epithelium in the organoids, with
the nucleus located basolateral, similar to primary cholangiocytes
in tissue biopsies (Figure 2E) (Boyer, 2013).

Both ncBCOs and ncECOs Have
Cholangiocyte Functionality in vitro
Cholangiocytes influence bile quality by secretion of ions via
either CaCl and Anoctamin-1 (ANO1) transporter channels
or via an increase of cAMP, which regulates CFTR (Boyer,
2013). Basolateral secretin and somatostatin receptors regulate
intracellular cAMP concentrations (Boyer, 2013). As displayed
in Figures 3A,B, ncBCOs responded to stimulation of secretin
similar to the in vivo situation by showing an increase
(2.21 ± 0.48 fold change) in diameter (t = 120) compared to
t = 0 min. The ncECOs responded similarly (mean fold change
1.74 ± 0.22). Addition of somatostatin reduced the induced
swelling (1.69 ± 0.187 increase in ncBCOs and 1.41 ± 0.14
for ncECOs), confirming functional secretin and somatostatin
receptors in ncBCOs.

The capability to export drugs was confirmed in ncBCOs by
imaging effective transport of Rhodamine 123 by the multidrug
resistance protein-1 (MDR1) (Sampaziotis et al., 2017). The
complete abrogation of fluorophore transport to the lumen of
the organoids by Verapamil, confirmed MDR-1 dependency
(Figure 3C). Both findings are in line with the previously
published results for ncECOs (Sampaziotis et al., 2017).

Previous work by Sampaziotis et al. (2017) showed that
activity of GGT in ncECOs is similar to primary cholangiocytes.
To investigate if the GGT activity of ncBCOs is in line with
ncECOs, we cultured both ncECOs and ncBCOs and analyzed
the culture supernatant for GGT-activity. As shown in Figure 3D
we demonstrate that GGT excretion is similar between ncBCOs
and ncECOs (7.77± 1.10 vs. 8.59± 0.34, p = 0.63) as measured by
ELISA. Since the activity of ncECOs and primary cholangiocytes
is also similar, it seems plausible that ncBCOs resemble GGT
activity similar to that of primary cholangiocytes.

Organoids are normally grown in a 3D setting, making it
difficult to access the cells’ luminal side. In cholangiocytes, both
the ANO1 and CFTR channel are located at the luminal side.

To overcome the hurdle of accessing this side, both ncBCOs
and ncECOs were grown as 2D monolayers and ion-channel
functionality was addressed in an Ussing chamber. As shown in
Figure 3E, ncECOs and ncBCOs both responded to activation
with forskolin (cAMP-activator), which was completely inhibited
by addition of GlyH-101, a CFTR-inhibitor, to the luminal side.
Additionally, stimulation by UTP (luminal) and inhibition (by
T16Ainh-A01, luminal) demonstrated the presence of functional
ANO1 in both organoid types. Combined, this demonstrates that
ncBCOs and ncECOs are very similar type organoids that both
represent cholangiocyte-like characteristics.

ncBCOs Retain Secretin Receptor
Responsiveness and Increased
Ion-Channel Activity in vitro Compared
to cBCOs
Soroka et al. (2019) created bile-cholangiocyte organoids
(cBCOs), using the established culture conditions by Huch
et al. created for cICOs (Huch et al., 2015). To investigate if
there are differences between ncBCOs and cBCOs, we created
organoids from bile samples and cultured them using both
protocols (n = 3). We analyzed gene-expression profiles using
qRT-PCR. First, we assessed expression of the Wnt target gene
LGR5 and several cholangiocyte-related genes. As indicated in
Supplementary Figure 1A expression of all genes tested was
similar in ncBCOs and cBCOs (Supplementary Figure 1A). To
investigate potential donor-variations between samples, we also
compared the expression profiles between cECOs and ncECOs
for the same cholangiocyte and Wnt-target genes by micro-array.
As shown in Supplementary Figure 1B, the expression profiles
of biological replicates for both culture conditions did not differ.
Moreover, the overall expression profiles of cECOs and ncECOs
are similar, although the differences in culture conditions seems
to cause clustering of specific genes, indicating that this is
an important factor driving gene-expression profiles. In line
with this observation, the mean gene-expression of functional
cholangiocyte channels, transporters, and enzymes NKCC1,
ASBT, CFTR, GGT, and AQP1 are significantly higher in ncBCOs
compared to cBCOs (Figure 4A). This was an interesting
finding and to further confirm differences in functional receptors
and ion channels, we performed the Ussing chamber assay
using 2D grown ncBCOs and cBCOs. As a control both the
tissue-derived organoids (ncECOs and cICOs) from the original
publications were created (Huch et al., 2015; Sampaziotis et al.,
2017). As shown in Figure 4B and Supplementary Figure 2
only organoids cultured in the non-canonical Wnt-stimulated
medium (ncBCOs and ncECOs) could respond to addition of
secretin and somatostatin. This indicates that functional SCTR
and SSTR are only present in cholangiocyte-organoids cultured
in this specific medium. In contrast, organoid cultured in the
canonical-Wnt stimulated conditions (cICOs and cBCOs) did
not respond to secretin or somatostatin. Moreover, it seems that
although all four-organoid types could respond to forskolin and
this response was specifically inhibited by addition of GlyH-101
(a specific CFTR-inhibitor), demonstrating functional CFTR-
channels in all organoids, this effect was more pronounced
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FIGURE 3 | ncBCOs and ncECOs both have functional cholangiocyte activity. (A) Representative images of selected ncECOs and ncBCOs at time is 0 min, and
time is 120 min of measurements in the secretin and unstimulated (unstimulated) groups. (B) Quantification of organoid swelling in ncECOs and ncBCOs in different
groups, scale bars indicate 50 µm. (C) ncBCOs show clear multi drug resistance-1 (MDR-1) activity as Rhodamine 123 was actively transported out of the cells into
the lumen of the organoid. Specificity was confirmed by inhibition with Verapamil. (D) Gamma-glutamyltransferase (GGT) activity (U/I) as measured by ELISA in both
ncECOs and ncBCOs supernatants (n = 3), scale bars indicate 100 µm. (E) Representative ion-channel functionality of 2D-grown ncBCOs (line 1) and ncECOs (line
2) in an Ussing chamber. Stimulation with cAMP-activator, forskolin, resulted in an increase in short circuit current, demonstrating CFTR-mediated activity (Cystic
Fibrosis Transmembrane conductance Regulator). This was completely blocked by CFTR-inhibitor, GlyH-101. Also, calcium-depended chloride excretion ion channel
activity, specifically stimulated by UTP and inhibited by T16Ainh-A01, was identical between ncBCOs and ncECOs.
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FIGURE 4 | ncBCOs retain secretin receptor responsiveness and increased ion channel activity in vitro compared to cBCOs. (A) qRT-PCR of ncBCOs and cBCOs
(both, n = 6), for cholangiocyte specific channels and transporters. Showing a significant upregulation (p < 0.05, as indicated by *) for AQP1, CFTR, ASBT, NKCC-1,
and GGT in ncBCOs compared to cBCOs. Error bars are displayed as SEM. (B) Representative ion-channel functionality of 2D-grown bile-cholangiocyte organoids
in non-canonical Wnt-stimulated conditions (ncBCOs, line 2) and bile cholangiocyte organoids in canonical-Wnt-stimulated organoids (cBCOs, line 1) in an Ussing
chamber, stimulation with cAMP-activator (forskolin), resulted in an increase in short circuit current; however, secretin stimulation (to the basolateral side) only gave a
response in the ncBCOs. In similar fashion, somatostatin (basolateral addition) only give a response in ncBCOs and not in cBCOs, while CFTR inhibition via
GlyH-101 (luminal addition), resulted in an inhibition of the channel in both organoid-types, indicating the presence of functional CFTR channels in both organoids,
but only somatostatin and secretin receptors are functional in ncECOs. Moreover, it seems that CFTR-function is higher in organoids in non-canonical Wnt
stimulating conditions compared to organoids in canonical-Wnt-stimulating conditions. (C) Heatmap and clustering based expression of cholangiocyte-related gene
expression as analyzed by gene array for functional enzymes (ALPI and GGT1), channels (SLC12A2—also known as NKCC1-, SLC10A2—also known as ASBT-,
AQP1, ANO1, and CFTR) and receptors (SCTR and SSTR) between cICOs (n = 3), cECOs (n = 3), and ncECO (n = 3). Color key represents the log2 transformed
signal intensities after variance stabilizing normalization.
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in organoids cultured under the non-canonical Wnt-stimulated
conditions. To investigate the reason for the differences in
functionality of cholangiocyte organoids in different culture
conditions we looked at gene-expression profiles as analyzed by
gene-array of publically available and novel generated data of
cICOs, cECOs, and ncECOs. All cICOs and cECOs were matched
for donors (n = 3). As shown in Figure 4C, the gene expression
of almost all mature cholangiocyte-related enzymes, channels,
and receptors (Dekkers et al., 2013) was higher in non-canonical
Wnt-related conditions, similar to the results of the qRT-PCR
analysis (Figure 4A). This suggests that lack of functional
SCTR is the result of low or absent SCTR gene expression in
organoids under canonical-Wnt conditions. Interestingly, cICOs
and cECOs cluster together, indicating that culture conditions
overshadows differences related to the region of origin (e.g.,
from intra- or extrahepatic). To further investigate the influence
of culture conditions, we changed the medium in the different
organoid cultures. As shown in Supplementary Figure 3A, it
seems that culture conditions for the classical cholangiocyte
markers do not differ in BCOs, with the exception for the
expression of HNF1β between cBCOs and ncBCOs in this series.
Interestingly, although BCOs are initiated in medium containing
canonical-Wnt stimulation, switching them to non-canonical
Wnt stimulating medium alters the gene-expression profiles for
genes related to function (Supplementary Figure 3B). This
change in medium directed the switched cBCO gene-expression
profile to become more closely related to bile-cholangiocyte
organoids initiated in non-canonical Wnt conditions and
expression of ASBT and GGT was significantly higher under
non-canonical Wnt stimulated conditions. A similar effect for
these genes was observed when switching ncBCOs to canonical
Wnt stimulating conditions (Supplementary Figure 3B). These
results suggest that cholangiocyte-organoids cultured in different
conditions are very similar, but differences might be induced by
the culture conditions.

DISCUSSION

In this study, we demonstrate that primary biliary epithelial
cells (cholangiocytes) collected from bile can be cultured and
expanded efficiently in vitro while retaining their cholangiocyte
characteristics. We show that these ncBCOs, could be efficiently
initiated from ERCP and gallbladder bile and could be cultured
long-term. In addition, we show that ncBCOs have similar
characteristics when compared to ncECOs as described by
Sampaziotis et al. (2017). Similar gene-expression profiles were
found in both types of organoids, and both were found to behave
as cholangiocytes in functional assays. This study furthermore
provides evidence that ncBCOs are distinct from the previously
published cBCOs (Soroka et al., 2019). The non-canonical Wnt
stimulation of ncBCOs seem to preserve the cholangiocyte-
specific basolateral receptor activity in vitro. This is the first
study demonstrating expansion of non-canonical Wnt stimulated
cholangiocyte organoids from bile. Recent publications show
that cholangiocyte organoids in non-canonical Wnt stimulating
conditions can be cultured from intra- and extrahepatic biopsies

as well as from brushes collected from the common bile duct
(Sampaziotis et al., 2017; Tysoe et al., 2019). The use of
biopsies and ERCP brushes as a source for biliary organoids
provides promising source for in vivo collected cholangiocytes
as well. Of note, the use of brushes is associated with more
complications for the patient when compared to the collection
of liquid biopsies from bile (Vandervoort et al., 1999; Korc and
Sherman, 2016). Surgical procedures to obtain gallbladders or
biopsies are especially risk full in patients with advanced liver
cirrhosis (Currò et al., 2005; Strömberg et al., 2015), a potential
target population. This is obviously an unwanted risk which
limits the patient-specific applications. Moreover, bile allows for
inclusion of patients with rare diseases and can model disease-
progression in vitro, as liquid biopsies can be easily collected
during routine (clinical) procedures which patients already
undergo for their regular treatment at progressive time-points.
Thus, ERCP-derived bile is a relatively safe source for patient-
derived cholangiocyte organoids. We show that bile derived
from the gallbladder is also a source of cholangiocyte organoids.
We included gallbladder bile-derived organoids to study donor
variations (Rimland et al., 2020; Verstegen et al., 2020), since
matched collection of gallbladder bile and gallbladder-tissue from
the same patient could be easily accomplished. Some patients
are not eligible for ERCP and thus a percutaneous transhepatic
cholangiography drainage (PTCD) is performed in these specific
patients. Since we demonstrate that multiple sources of bile can
be used for ncBCOs, bile collected via PTCD might represent an
additional source in this specific subgroup.

Cholangiocytes organoids, either initiated from tissue or
bile in both culture conditions, are most likely risen from
primary cholangiocytes (Sampaziotis et al., 2017; Hu et al.,
2018; Aloia et al., 2019; Planas-Paz et al., 2019). In line
with previous publications, we confirmed the presence of
a Trop2pos population in bile, which is considered the
population that resembles primary cholangiocytes (Aizarani
et al., 2019). Since primary cholangiocytes are most likely
the cell-of-origin for these organoid cultures, these are the
culture conditions that are responsible for the difference
in gene-expression and functionality in vitro. ncBCOs are
cultured in medium with components typically stimulating
the non-canonical Wnt-pathway, while cBCOs are cultured in
Wnt/β-catenin stimulated conditions, usually responsible for
maintaining stem cell-like characteristics in cell culture. Recent
evidence indicates that non-canonical Wnt signaling is important
in cholangiocyte homeostasis and proliferation (Pepe-Mooney
et al., 2019; Planas-Paz et al., 2019). Both publications showed
that, although Wnt ligands seem important in homeostasis
of biliary epithelium in vivo, this was independent of the
canonical Wnt-related genes AXIN2, LGR5, and β-catenin. This
demonstrates that it is actually non-canonical Wnt signaling
which drives ductal reprogramming. In contrast, Planas-Paz et al.
(2019) discovered that LGR5-depended Wnt/β-catenin signaling
is necessary for expansion of intrahepatic cholangiocytes,
cultured as cICOs, in vitro. In line with these results
several publications have reported that Wnt/β-catenin-LGR5
signaling is upregulated in canonical-Wnt driven cholangiocyte-
organoid cultures, while markers for mature cholangiocytes
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(like CFTR) are downregulated compared to primary
cholangiocytes (Aizarani et al., 2019; Pepe-Mooney et al., 2019;
Planas-Paz et al., 2019). Thus, suggesting that organoids initiated
under these Wnt/β-catenin stimulated culture conditions
require these specific signals for growth and alter their gene-
expression profile by expressing Wnt/β-catenin related target
genes, although this does not seem to be essential for ductal
reprogramming in in vivo biliary epithelium.

This in vitro study might validate that the use of non-
canonical Wnt cell culture conditions results (for some
aspects) in a more mature cholangiocyte in vitro, compared
to Wnt/β-catenin-stimulated conditions. Here we show that
ncBCO have higher expression of mature cholangiocyte-channel
genes compared to cBCOs. In addition, gene expression as
analyzed by gene-array shows that expression of the functional
cholangiocyte-related genes such as ANO1, NKCC1, CFTR,
GGT, AQP1, and the basolateral receptor SCTR is higher in
non-canonical Wnt-stimulated cholangiocyte organoids when
compared to Wnt/β-catenin cultured organoids from tissue.
Moreover, ncBCOs (and ncECOs) have functionality of the
typical cholangiocyte-receptors: secretin and somatostatin while
cBCOs (and cICOs) do not. Interestingly, our analysis provides
evidence that there is some plasticity in cholangiocyte organoids
since we demonstrate that gene-expression profiles in BCOs
change depending on the culture conditions. In line with our
hypothesis, the functional-related genes ASBT and GGT are
upregulated when culture medium is switched from canonical
Wnt to non-canonical Wnt stimulating compounds. Also
other genes (HNF1β and PROM1) are differently expressed
after switching. Together, our results indicate that culture
conditions most probably drive the expression of specific genes in
cholangiocyte organoids and that cholangiocytes might be more
mature under non-canonical Wnt stimulating conditions. It is
important to note that ncECO were shown capable of forming
functional bile duct tissue in vivo after repopulating collagen
scaffolds and transplantation in mice (Sampaziotis et al., 2017).
The strength of using bile as a minimally invasive source of
organoid-initiation cells for culturing cholangiocyte-organoids, is
that it allows for patient-specific organoid cultures and thereby
avoids immunological responses after transplantation.

In conclusion, our studies confirm and extend the studies
previously reported on ncECOs (Sampaziotis et al., 2017),
demonstrating that these cholangiocyte organoids can efficiently
and reproducibly be initiated from bile collected from patients
with a broad spectrum of underlying biliary diseases. Given that
ncECOs and ncBCOs are highly similar, an important amenity
of ncBCOs is that they are reproducibly initiated from bile,

which is collected relatively easily and in a less invasive manner
opposed to surgically rendered tissue biopsies. Moreover, they
seem to represent a more mature cholangiocyte compared to the
previously published cBCO (Soroka et al., 2019). With this, the
expansion and use of cholangiocyte-organoids that are acquired
with low complication hazard from patients becomes feasible for
personalized disease modeling and regenerative medicine.
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Neurogenesis is the process by which progenitor cells generate new neurons. As

development progresses neurogenesis becomes restricted to discrete neurogenic

niches, where it persists during postnatal life. The retina of teleost fishes is thought

to proliferate and produce new cells throughout life. Whether this capacity may

be an ancestral characteristic of gnathostome vertebrates is completely unknown.

Cartilaginous fishes occupy a key phylogenetic position to infer ancestral states fixed prior

to the gnathostome radiation. Previous work from our group revealed that the juvenile

retina of the catshark Scyliorhinus canicula, a cartilaginous fish, shows active proliferation

and neurogenesis. Here, we compared the morphology and proliferative status of the

retina in catshark juveniles and adults. Histological and immunohistochemical analyses

revealed an important reduction in the size of the peripheral retina (where progenitor cells

aremainly located), a decrease in the thickness of the inner nuclear layer (INL), an increase

in the thickness of the inner plexiform layer and a decrease in the cell density in the INL

and in the ganglion cell layer in adults. Contrary to what has been reported in teleost

fish, mitotic activity in the catshark retina was virtually absent after sexual maturation.

Based on these results, we carried out RNA-Sequencing (RNA-Seq) analyses comparing

the retinal transcriptome of juveniles and adults, which revealed a statistically significant

decrease in the expression of many genes involved in cell proliferation and neurogenesis

in adult catsharks. Our RNA-Seq data provides an excellent resource to identify new

signaling pathways controlling neurogenesis in the vertebrate retina.

Keywords: retina, neurogenesis, cell proliferation, RNA-seq, mitosis, progenitor cells, cartilaginous fish

INTRODUCTION

Neurogenesis is the process by which multipotent neural stem cells (NSCs) generate new
neurons. In the mammalian central nervous system (CNS), multipotent NSCs are known as
apical progenitors and include neuroepithelial cells (NECs) that have limited capacity for self-
renewal and divide symmetrically to generate more NECs, and apical radial glial cells (RGCs)
that divide symmetrically or asymmetrically to generate neurons and glial cells, sometimes through
secondary progenitors known as apical intermediate progenitor cells (IPCs; Namba and Huttner,
2017). Basal progenitors are all secondary progenitors that include basal RGCs and basal IPCs
that divide once or several times to amplify a cell lineage (Namba and Huttner, 2017). As
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CNS develops, neurogenesis becomes progressively reduced to
specific areas called neurogenic niches (Grandel and Brand,
2013; Ganz and Brand, 2016), where it persists during postnatal
life. Despite this decline in the neurogenic potential, new
functional neurons have been found in the adult brain of all
vertebrate groups studied, which are generated from adult NSCs.
Adult neurogenesis recapitulates to some extent the neurogenic
process occurring in early development, but certain regulatory
mechanisms are unique to the process in adults. Moreover, adult
neurogenesis via these neurogenic niches is highly dependent on
species and CNS regions, i.e., different types of progenitors with
different neurogenic potentials have been described depending
on the neurogenic niche (Docampo-Seara et al., 2020 and
references therein; Jurkowski et al., 2020).

Teleost fishes display the most prominent and widespread
adult neurogenesis throughout the CNS compared with any
other vertebrate studied so far (Ganz and Brand, 2016 and
references therein). From anamniotes to amniotes, constitutive
neurogenesis in adults become restricted to fewer and more
anterior neurogenic niches (Grandel and Brand, 2013). The
fact that the retina of teleost fishes shows active proliferation
and neurogenic activity throughout life (goldfish: Johns, 1977;
rainbow trout: Julian et al., 1998; zebrafish: Marcus et al., 1999)
together with its cytoarchitectonic simplicity and amenability to
manipulation provided the basis for the use of the teleost retina
as a model for the study of adult neurogenesis in vertebrates.
Two main niches of constitutive neurogenesis, which can also
contribute to regeneration of the damaged retina, have been
described in the retina of adult teleosts: the ciliary marginal zone
(CMZ), which is a continuously growing circumferential ring of
cells located in the peripheral part of the retina (Johns, 1977;
Stenkamp et al., 2001), andMüller glial cells located in the central
(mature) retina (Fausett and Goldman, 2006; Raymond et al.,
2006; Bernardos et al., 2007; Lenkowski and Raymond, 2014).

While the localization of adult neurogenic niches shows
an outstanding conservation among teleost species (Ganz and
Brand, 2016), the localization of neurogenic niches within the
retina of different vertebrates could not be so well-conserved.
Actually, the retina of adult lampreys (a jawless vertebrate) shows
no proliferative activity (Villar-Cheda et al., 2008). Constitutive
proliferation within the CMZ has been also described in adult
frogs, turtles and birds, and in young marsupials (Straznicky and
Gaze, 1971; Fischer and Reh, 2000; Kubota et al., 2002; Todd
et al., 2016 and references therein), though it has been reported
that CMZ cells diminished during vertebrate evolution (Kubota
et al., 2002). Müller glia are proliferative under physiological
conditions only in fishes (reviewed in Sánchez-Farías, 2016).
In addition, some vertebrate groups show neurogenesis in the
adult retina from constitutive niches other than the CMZ
and Müller glial cells [such as a pseudostratified region at
the retinociliary junction between the retina and the ciliary
body in some species of lizards and snakes (Eymann et al.,
2019) or the pigment epithelium of the ciliary body of rodents
(Tropepe et al., 2000)], and from other potential sources of
adult neurogenesis that have been unveiled by regeneration
studies (for a revision on sources of retinal regeneration in
vertebrates see Amato et al., 2004; Moshiri et al., 2004; Fischer

et al., 2013; Chiba, 2014; Fernández-Nogales et al., 2019;
García-García et al., 2020). Besides, in fishes, data on adult
neurogenesis in the retina come only from studies in modern
teleost models (e.g., zebrafish or goldfish) but there is no data
on adult neurogenesis in more basal teleosts, other ray-finned
fishes (e.g., chondrosteans) or in chondrichthyans (cartilaginous
fishes, the oldest extant jawed vertebrates). Therefore, a better
understanding of adult neurogenesis in a representative sampling
of vertebrates, including groups which diverged early from the
osteichthyan lineage, will be essential to gain knowledge on the
evolution of adult neurogenesis in the vertebrate retina.

As the sister group of osteichthyans, cartilaginous fishes
occupy a key phylogenetic position to infer ancestral states fixed
prior to the gnathostome radiation or to identify lineage-specific
diversifications in the major osteichthyan taxa. Our research
group has thoroughly studied the development of the retina of
an elasmobranch fish, the catshark Scyliorhinus canicula. The
embryonic retina of S. canicula shows a high proliferative activity
that decreases throughout development, although proliferation
is still observed in juveniles (Ferreiro-Galve et al., 2010). An
interesting feature of the retina of S. canicula is that it presents
a region adjacent to the CMZ, called the transition zone (TZ),
which also contains progenitor cells (Ferreiro-Galve et al.,
2010, 2012; Sánchez-Farías and Candal, 2015, 2016). Different
types of progenitor cells have been identified in the CMZ and
TZ both in the developing and in the postnatal retina of S.
canicula based on the expression of progenitor cell markers
like proliferating cell nuclear antigen (PCNA), phosphohistone
H3 (pH3), doublecortin (DCX), or glial fibrillary acidic protein
(GFAP), though both DCX and GFAP also label postmitotic cells
(Ferreiro-Galve et al., 2010, 2012; Sánchez-Farías and Candal,
2015, 2016). In adults, DCX was shown to be expressed in
postmitotic neurons (Sánchez-Farías and Candal, 2015) while
GFAP was found in the ciliary epithelium, the CMZ, and in
mature Müller glial cell processes in the central retina (Sánchez-
Farías and Candal, 2016). However, whether active proliferation
and neurogenesis is maintained in the adult retina has not been
addressed so far.

Here, we aimed to gain knowledge about the evolution of adult
neurogenesis in the vertebrate retina by exploring this process
in cartilaginous fishes with the catshark Scyliorhinus canicula
as reference. We characterized changes in the morphology and
neurogenic ability of the retina of S. canicula from postnatal
development to adulthood using classical histological staining
and by analyzing the expression of proliferation markers.
Additionally, we carried out an Illumina RNA-sequencing (RNA-
Seq) study comparing the retinal transcriptomes of juveniles and
adults to detect changes in the expression of genes involved in
cell proliferation and neurogenesis, and to identify new genes and
signaling pathways responsible for the neurogenic process in the
retina of vertebrates.

MATERIALS AND METHODS

Animals
Juvenile (n = 17; 10–13 cm long) and adult specimens [n= 15;
45–50 cm long, which correspond to sexually mature animals
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(Kousteni and Megalofonou, 2020)] of S. canicula were kindly
provided by the aquarium Acuario do Grove (O Grove, Spain)
and kept in seawater tanks under standard conditions of
temperature (15–16◦C), pH (7.5–8.5), and salinity (35 g/L).
All experimental procedures were performed following the
guidelines established by the European Union and the Spanish
government for animal experimentation and were approved
by the Bioethics Committee of the University of Santiago
de Compostela.

Tissue Preparation for Histology
Animals were deeply anesthetized with 0.5 % tricaine
methanesulfonate (MS-222, Sigma, St. Louis, MO) in
seawater and then perfused intracardially with elasmobranch
Ringer’s solution (see Ferreiro-Galve et al., 2008) followed
by perfusion with 4% paraformaldehyde (PFA) in 0.1M
elasmobranch phosphate buffer (pH 7.4) containing 1.75%
urea. The eyes were removed and postfixed in 4% PFA
for 2 days at 4◦C. After rinsing in phosphate buffer saline
(PBS), the eyes were cryoprotected with 30% sucrose in PBS,
embedded in Neg-50TM (Thermo Scientific, Kalamazoo,
MI), and frozen with liquid nitrogen-cooled isopentane.
Transverse sections (18µm thick) were obtained on a cryostat
and mounted on Superfrost Plus slides (Menzel-Glasser,
Madison, WI).

Haematoxylin-Eosin Staining
Some retinal sections were stained with haematoxylin-eosin
following standard protocols. Briefly, cryostat sections were dried
at room temperature (RT), rinsed in 0.05M Tris-buffered (pH
7.4) saline (TBS) for 10min and stained with haematoxylin
solution for 10min. Sections were subsequently rinsed in tap
water until removal of the excess of haematoxylin, in distilled
water for 10min and then stained with eosin for 2min. Finally,
the sections were dehydrated and mounted in DPX mounting
medium (Scharlau, Sentmenat, Spain).

Immunofluorescence
Sections were first pre-treated with 0.01M citrate buffer pH 6.0
for 30min at 90◦C for heat-induced epitope retrieval, allowed to
cool for 20min at RT and rinsed in TBS for 5min. Then, sections
were incubated overnight at RT with different combinations
of primary antibodies [(1) rabbit polyclonal anti-GFAP (1:500;
DakoCytomation, Denmark; Z0334) and mouse monoclonal
anti-glutamine synthase (GS; 1:500; Millipore, Billerica, MA;
Mab302); (2) mouse monoclonal anti-PCNA (1:500; Sigma;
P8825) and rabbit polyclonal anti-pH3 (1:300; Millipore; 06-
570)], or rabbit polyclonal anti-DCX (1:300; Cell Signaling
Technology, Danvers, MA; 4604). Sections were rinsed three
times in TBS for 10min each, and incubated with the fluorescent
dye-labeled secondary antibodies Cy3-conjugated goat anti-
rabbit (1:200; Sigma; A10520) and FITC-conjugated goat anti-
mouse (1:200; Sigma; F2761) for 1 h at RT. All antibody
dilutions were made in TBS containing 15% normal goat serum
(Millipore), 0.2% Triton X-100 (Sigma), and 2% BSA (Sigma).
Sections were then rinsed three times in TBS for 10min each
and in distilled water for 30min, allowed to dry for 30min at

37◦C, and mounted in MOWIOL 4-88 Reagent (Calbiochem,
Darmstadt, Germany).

Specificity of Antibodies
The anti-GFAP and the anti-GS antibodies have been previously
used in the retina of the juvenile catshark as markers of
early and late radial glial cells, respectively (Sánchez-Farías and
Candal, 2015, 2016). Their specificity has been tested by western
blot in brain protein extracts of adult catsharks (Docampo-
Seara et al., 2019). PCNA is present in proliferating cells
and although its expression is stronger during the S phase,
it persists along the entire cell cycle excepting the mitotic
period (Zerjatke et al., 2017). The anti-PCNA antibody has
been previously used to label progenitor cells in the brain
and retina of S. canicula (i.e., Quintana-Urzainqui et al., 2014;
Sánchez-Farías and Candal, 2015). The anti-pH3 antibody
has been also widely used in the brain and retina of S.
canicula as a marker of mitotic cells (Ferreiro-Galve et al.,
2010; Quintana-Urzainqui et al., 2014; Docampo-Seara et al.,
2019). The anti-DCX antibody has been previously used in
the retina of the developing and adult catshark retina as
a marker for neuronal lineage (Sánchez-Farías and Candal,
2015, 2016). Its specificity has been tested by western blot in
brain protein extracts of adult catsharks (Pose-Méndez et al.,
2014).

Riboprobe Synthesis and in situ

Hybridization
In situ hybridization (ISH) experiments were carried out to
study the expression of S. canicula Sox2 (ScSox2) transcripts
using the probe described in Lagadec et al. (2018). Sense
and antisense digoxigenin-UTP-labeled ScSox2 riboprobes were
synthesized by in vitro transcription, after PCR amplification,
and using the T7 or SP6 RNA polymerase (NZYTech, Lisbon,
Portugal). ISH was performed on cryostat sections (18µm) of
juvenile and adult retinas as previously described (Coolen et al.,
2007). Briefly, sections were permeabilized with proteinase K,
hybridized with sense or antisense probes overnight at 65◦C
and incubated with the alkaline phosphatase-coupled sheep anti-
digoxigenin antibody (1:2000, Roche Applied Science, Manheim,
Germany) overnight at 4◦C. The color reaction was performed
using BM-Purple (Roche). Finally, sections were dehydrated and
mounted in DPX. Control sense probes did not produce any
detectable signal.

Image Acquisition
Images of fluorescent labeled sections were taken with a Leica
TCS-SP2 confocal microscope with a combination of blue and
green excitation lasers. Confocal optical sections were taken at
steps of 1µm along the z-axis. Collapsed images were obtained
with the LITE software (Leica). Brightfield images were obtained
with an Olympus BX51 microscope equipped with an Olympus
DP71 camera. Contrast and brightness were minimally adjusted
using Adobe Photoshop CS4 (Adobe, San Jose, CA).
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Cell Quantifications and Statistical
Analyses
Retinal area, thickness of the inner nuclear layer (INL) and inner
plexiform layer (IPL), and cell density of the INL and ganglion
cell layer (GCL) were quantified in haematoxylin-eosin-stained
retinal sections (n = 3 retinas from three different juveniles; n =

3 retinas from three different adults) using Image J (Schneider
et al., 2012). For the quantification of retinal area, 10 sections
were quantified in each retina. For the quantification of layer
thickness and cell density, five sections were quantified in each
retina. Area is given as mm2, thickness as mm and cell density as
the number of nuclei in a 50× 50µm square. Then, we calculated
the mean area, layer thickness, and cell density for each retina.

We quantified the number of mitotic [pH3 positive (pH3+)
cells] in the peripheral retina (CMZ and TZ) and proliferative
cells (PCNA+ cells) in the whole central retina of juveniles
(n = 6 retinas from six different individuals) and adults (n
= 5 retinas from five different individuals). The number of
pH3+ cells and PCNA+ cells were manually counted under the
microscope in one out of each four consecutive retinal sections
(18µm). The limit between the peripheral and the central retina
was established based on morphological differences like the
characteristic layered structure of the central retina. Then, we
calculated the mean number of cells per section for each retina.

Statistical analyses were performed with Prism 8 (GraphPad
software, La Jolla, CA). Normality of the data was determined
with the Shapiro-Wilk test. To determine significant differences
(p < 0.05) between juveniles and adults, a Mann-Whitney test
was used for non-normally distributed data (only the pH3+
data) and a Student’s (unpaired) t-test was used for normally
distributed data.

RNA Isolation and Sequencing
The retinas of juveniles (n = 6 retinas from five animals)
and adults (n = 5 retinas from four animals) were dissected
out and put in RNAlater (Ambion Inc., Austin, TX, USA).
RNA extraction was performed using the RNeasy mini kit
(Qiagen, Hilden, Germany) with DNase treatment following
the manufacturer’s instructions. Isolated RNAs were eluted in
nuclease free water. RNA quality and quantity were evaluated
in a Bioanalyzer (Bonsai Technologies, Madrid, Spain) and
in a NanoDrop R© ND-1000 spectrophotometer (NanoDrop R©

Technologies Inc., Wilmington, DE, USA). Thereafter, the
Illumina Truseq mRNA stranded RNA-Seq Library Prep Kit
protocol was followed. Libraries were checked for quality and
quantified using the Bioanalyzer 2100 (Agilent, Santa Clara,
CA, USA) (all samples had RIN values higher than seven),
before being sequenced on one S1 lane of the Illumina NovaSeq
instrument using 150 base paired-end sequencing at Edinburgh
Genomics (UK). Raw reads have been deposited in NCBI’s
Sequence Read Archive (SRA) under BioProject accession
number PRJNA668789.

The quality of the sequencing output was assessed using
FastQC v.0.11.5 (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Quality filtering and removal of residual
adaptor sequences was conducted on read pairs using Fastp

v.0.20.0 (Chen et al., 2018). Illumina specific adaptors were
clipped from the reads and leading and trailing bases with a
Phred score <20 were removed; only reads where both pairs
were longer than 36 bp post-filtering were retained. Filtered
reads were mapped to a catshark transcriptomic reference
obtained by a clustering approach (Mayeur and Mazan, to be
published elsewhere) and transcript abundance was quantified
using Kallisto v0.46.1 (Bray et al., 2016).

Differential expression (DE) analyses were performed using R
v.3.6.2 (https://www.r-project.org/). Gene count data were used
to estimate differential gene expression using the Bioconductor
package DESeq2 v.3.4 (Love et al., 2014). Briefly, size factors were
calculated for each sample using the “median of ratios” method
and count data was normalized to account for differences in
library depth. Next, gene-wise dispersion estimates were fitted to
the mean intensity using a parametric model and reduced toward
the expected dispersion values. Finally, a negative binomial
model was fitted for each gene and the significance of the
coefficients was assessed using the Wald test. The Benjamini-
Hochberg false discovery rate (FDR) multiple test correction
was applied, and genes with FDR < 0.01, normalized mean
read counts > 50 and absolute log2 fold change values (FC)
> 1 were considered differentially expressed. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment were performed using the DAVID bioinformatics
resource Functional Annotation tool (Huang et al., 2009a), using
the shark transcriptome as background.

RESULTS

Comparison of Juvenile and Adult Retinal
Morphology
The adult retina increased in size respect to the juvenile retina as
revealed by area quantification in retinal sections (Figure 1A; p=
0.0142). As previously reported (Ferreiro-Galve et al., 2010), the
peripheral retina of juveniles showed a non-layered CMZ with a
neuroepithelial organization and a TZ where the IPL separates
an unlayered, outer, region from the GCL (Figures 1B,C). As in
lampreys and jawed vertebrates, the catshark central retina of
juveniles was composed of three nuclear layers [the outer nuclear
layer (ONL), the INL, and the GCL] and two plexiform layers
[the outer plexiform layer (OPL) and the IPL] (Figures 1B,D).
In adults, the peripheral retina showed the same zones (CMZ
and TZ) observed in juveniles but with an important reduction
in size and extension when compared to the juvenile retina and
also relative to the total size of the adult retina (Figure 1E). The
adult central retina also showed the typical layered organization
(Figure 1F), but we observed a significant decrease in the
thickness of the INL (Figures 1D,F,G; p = 0.005), an increase
in the thickness of the IPL (Figures 1D,F,G; p = 0.0231) and
a significant decrease in cell density in the INL and GCL
(Figures 1D,F,H; INL: p= 0.0005; GCL: p= 0.0241).

Defining the Peripheral Retina
To better define the border of the peripheral retina, where the
main retinal neurogenic niche in S. canicula is located, we studied
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FIGURE 1 | Morphological changes between the juvenile and adult retinas. (A) Graph showing a significant change (p = 0.0142; *) in retinal area between juveniles

(Juv; 4.42 ± 0.35 mm2 ) and adults (10.82 ± 1.5 mm2 ). (B) Schematic drawing showing the different regions and layers in the juvenile peripheral and central retina. (C)

Juvenile peripheral retina showing: an unlayered CMZ; a TZ, where the IPL (white arrows) separates the unlayered outer region from the GCL (black arrowheads); and

the central retina, where the two plexiform layers (OPL and IPL) can be observed. (D) Juvenile central retina showing its characteristic layers (ONL, OPL, INL, IPL,

GCL) and displaced cells in the IPL (white arrowheads). (E) The adult peripheral retina showed a reduction in size with respect to the juvenile retina. Note the increase

in the thickness of the IPL in the TZ and in the central retina (arrows). Black arrowheads point to cells in the GCL. (F) The adult central retina showed an evident

decrease in the thickness of the INL, an increase in the thickness of the IPL and a decrease in cell density in the INL and GCL. Displaced cells were observed in the

(Continued)
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FIGURE 1 | IPL (arrowhead). (G) Graph showing significant changes in the thickness of the INL (p = 0.005; **; juveniles: 0.16 ± 0.001mm; adult: 0.06 ± 0.01mm)

and IPL (p = 0.0231; *; juveniles: 0.05 ± 0.005mm; adults: 0.09 ± 0.01mm). (H) Graph showing significant changes in cell density of the INL (p = 0.0005; ***;

juveniles: 23.93 ± 0.18 nuclei/50 × 50µm square; adults: 9.67 ± 1.39 nuclei/50 × 50µm square) and GCL (p = 0.0241; *; juveniles: 3.6 ± 0.58 nuclei/50 × 50µm

square; adult: 1.47 ± 0.18 nuclei/50 × 50µm square). Each dot in the graphs represents one retina and all retinas are from different animals. Scale bars: 100µm (C);

50µm (D–F). CMZ, ciliary marginal zone; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; Juv, juvenile; ONL, outer nuclear layer; OPL,

outer plexiform layer; PR, peripheral retina; RPE, retinal pigment epithelium; TZ, transition zone.

the expression pattern of two glial cell markers (GFAP and GS)
and the neural stem and progenitor cell marker Sox2.

In the juvenile retina, GFAP expression was observed in
processes of progenitor cells in the peripheral retina (Figure 2A;
Sánchez-Farías and Candal, 2016) and inmatureMüller glial cells
in the central retina (Figures 2A,B; Sánchez-Farías and Candal,
2016). However, GS expression was restricted to processes
and cell bodies of mature Müller glial cells in the central
retina (Figures 2A,B; Sánchez-Farías and Candal, 2016), which
facilitates delimiting the boundary between the peripheral and
central retinas (Figure 2A).

In adults (Figures 2C,D), the expression patterns of GFAP and
GS were similar to those observed in juveniles (Figures 2A,B),
and also allowed for a clear identification of peripheral and
central regions of the retina (Figures 2C,D). The size of the
peripheral retina containing GFAP+ cells in adults was highly
reduced with respect to juveniles and relative to the size of the
entire retina (Figure 2C).

Sox2 is known to be expressed in progenitor cells that keep
their stem cells properties in adults (DeOliveira-Mello et al.,
2019) and in postmitotic amacrine, ganglion, and Müller glia
cells (Surzenko et al., 2013; DeOliveira-Mello et al., 2019). ScSox2
in situ labeling allowed us to clearly establish the boundary
between the CMZ and TZ within the peripheral retina in
juvenile specimens (Figure 2E). An intense expression of ScSox2
was observed in the CMZ and the inner region of the TZ
(Figure 2E), and in amacrine, ganglion, and Müller glia cells
in the central retina of juveniles (Figure 2F). The expression of
ScSox2 in the adult retina (Figures 2G,H) clearly decreased with
respect to that observed in juveniles (Figures 2E,F). In the adult
peripheral retina, a very weak labeling was observed in cells of
the CMZ and TZ (Figure 2G). In the adult central retina, ScSox2
labeling was observed in amacrine, ganglion, andMüller glia cells
(Figure 2H).

Proliferation, Mitotic Activity, and
Neurogenesis
It is well-known that the proliferative potential of the retina
decreases during development in vertebrates; nevertheless, cell
proliferation is still observed in adult teleost fishes (see section
Introduction). Here, we compared the proliferative status and
mitotic activity of juvenile and adult catshark retinas using
PCNA and pH3 double immunolabeling. As previously reported
(Ferreiro-Galve et al., 2010), in the peripheral retina of juveniles
abundant PCNA+ cells were found throughout the CMZ and the
outer non-layered part of the TZ, but not in the prospective GCL
(Figure 3A). pH3 positive (pH3+) cells were restricted to the
ventricular (apical) region of the peripheral retina (Figure 3A).
In the central retina of juveniles, scattered PCNA+ cells were

found in the INL (Figure 3B), bordering the horizontal cell layer
(HCL; not shown) and in the GCL/IPL (Figure 3B’). No pH3+
cells were found in the central retina of juveniles (not shown).

In the peripheral retina of adults only occasional PCNA+
cells were observed, most of them being restricted to the CMZ
(Figure 3C). Interestingly, almost no pH3+ cells were observed
in this region (not shown). Only occasional PCNA+ cells were
observed in the central retina of adults (Figure 3D). As in
juveniles, no pH3+ cells were found in this region (not shown).

Quantifications of mitotic (pH3+) and proliferating
(PCNA+) cells revealed significant differences in the proliferative
capacity of juvenile and adult retinas. There was a statistically
significant decrease in the number of pH3+ cells (p = 0.0043)
in the peripheral retina of adults (Figure 3E). We also observed
a statistically significant decrease in the number of PCNA+ cells
in the central retina of adults (p = 0.0014, Figure 3F). The pH3
results reveal a dramatic loss of mitotic activity in the peripheral
adult retinas.

To further asses the neurogenic activity of the peripheral
retina we performed DCX immunolabeling. We previously
showed that DCX immunoreactivity in the developing retina
of elasmobranch fishes was absent from pre-neurogenic NECs
located in the most peripheral part of the CMZ. In the remaining
peripheral retina, DCX expression increases in RGCs coinciding
with the onset of neurogenesis and in neuroblasts before they
become definitely positioned (Sánchez-Farías and Candal, 2015,
2016). DCX was also found in subsets of mature horizontal,
bipolar, amacrine, and ganglion cells in the central retina, where
it persists in adults (Sánchez-Farías and Candal, 2015). As
previously reported, in juveniles, DCX was not observed in the
pre-neurogenic CMZ, while a strong DCX immunoreactivity was
observed in cell bodies and radial processes of the neurogenic
TZ (Figure 3G) and in mature cells in the central retina
(Figure 3H). In adults, the neurogenic TZ was highly reduced in
size (Figure 3I). As in juveniles, DCX was found in mature cells
in the central retina (Figure 3J).

RNA-Sequencing
Our results revealed important differences between the juvenile
and the adult retina mainly regarding the huge decrease of
proliferative activity in the peripheral and central retina, with
an almost complete lack of mitotic activity in the retina of
adult specimens.

In order to identify the genes and signaling pathways
responsible for the high proliferative activity of the juvenile
retina compared to the quiescence observed in adults, we
performed an Illumina RNA-Seq analysis comparing the retinal
transcriptomes of juveniles and adults. The juvenile and adult
retinal transcriptomes showed marked differences and clustered
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FIGURE 2 | Double labeling with GFAP and GS (A–D) and in situ hybridization of ScSox2 (E–H) in transverse sections of the retina of juvenile and adult specimens of

S. canicula. (A) In the juvenile retina, GFAP was expressed in processes of progenitor cells in the peripheral retina (arrowheads) while GS expression was not observed

in this region. (B) In the juvenile central retina, co-expression of GFAP and GS was observed in processes (arrows) and GS expression was observed in cell bodies

(arrowheads) of Müller glia. (C) In the adult peripheral retina, GFAP+ putative progenitor cells were found in the retinal periphery (arrowheads). (D) In the adult central

retina, as in juveniles, GFAP+ and GS+ Müller glia processes (arrows) and GS+ Müller glia cell bodies (arrowheads) were observed. (E) ScSox2 expression was

observed in the CMZ and inner region of the TZ of the juvenile peripheral retina. Note the presence of amacrine (arrowheads) and ganglion (thick arrows) cells. (F)

ScSox2 expression was observed in amacrine (arrowheads), ganglion (thick arrows), and Müller glia (arrows) cells of the juvenile central retina. (G) ScSox2 expression

was much weaker (arrowheads) in the adult peripheral retina than in juveniles. The asterisk indicates the CMZ. (H) In the adult central retina, ScSox2 was expressed in

amacrine (arrowhead), ganglion (thick arrows), and Müller glial cells (arrow), though expression levels decreased with respect to juveniles. Scale bars: 100µm (A,E);

50µm (B–D, F–H). CMZ, ciliary marginal zone; INL, inner nuclear layer; PR, peripheral retina; TZ, transition zone.

clearly apart in the principal component analysis (Figure 4A).
The first principal component, separating the juvenile and adult
samples, explained a very large proportion of the variance

(58.3%). Juvenile retinas formed a tight cluster, whereas adult
retinas showed more variation. Since the exact age of adult
animals is not known, this variation in the principal component
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FIGURE 3 | Double labeling with PCNA and pH3 (A,C) and PCNA (B,D) in transverse sections of the retina of juvenile and adult specimens of S. canicula, graphical

representations of the average number of mitotic (E) and proliferative cells (F) per section in both stages and DCX immunofluorescence in transverse sections of the

retina of juvenile (G,H) and adult (I,J) specimens of S. canicula. (A) Abundant PCNA+ cells were observed in the CMZ and the TZ of juveniles. Note the absence of

PCNA+ cells in the GCL in the TZ (arrowhead). Mitotic cells (pH3+) were only found in the ventricular (apical) region. (B,B’) In the central retina of juveniles, PCNA was

found in scattered cells in the INL (arrows) and in displaced cells within the IPL (B’). (C) In adults, only a few PCNA+ cells were observed in the apical region of the

CMZ (asterisk), while almost no pH3+ cells were found in this region. (D) Occasional PCNA+ cells were found in the adult central retina (arrow). (E) Graph showing the

average number of mitotic cells (pH3+) per section in the peripheral retina of juveniles and adults revealing statistically significant differences in the number of mitotic

cells (p-value = 0.0043; **; juveniles: 19.47 ± 1.94 cells per section; adults: 0.03 ± 0.01 cells per section). (F) Graph showing the average number of proliferating cells

(PCNA+) per section in the central retina of juveniles and adults revealing statistically significant differences in the number of proliferating cells (p-value = 0.0014; **;

juveniles: 13.89 ± 2.21 cells per section; adults: 2.67 ± 0.22 cells per section). Each dot in the graphs represents one retina and all retinas are from different animals.

(G) In the juvenile peripheral retina, DCX expression was absent in the pre-neurogenic CMZ (asterisk) while a strong DCX immunoreactivity was observed in cell bodies

and radial processes of the TZ (arrowheads). (H) In the juvenile central retina DCX was found in subsets of mature horizontal (not shown), bipolar (white arrowhead),

amacrine (white arrow), and ganglion cells (black arrowhead). (I) In the adult peripheral retina, the neurogenic TZ containing DCX+ radial cell processes was highly

reduced in size. The asterisk indicates the CMZ. The white arrowhead points to a bipolar cell. The black arrow points to a horizontal cell. (J) In the adult central retina,

as in juveniles, DCX was expressed in mature cells, including bipolar cells (white arrowhead) and amacrine cells (white arrow). Scale bars: 100µm (A); 50µm (B–D);

25µm (G–J). C, central retina; CMZ, ciliary marginal zone; INL, inner nuclear layer; Juv, juvenile; ONL, outer nuclear layer; PR, peripheral retina; TZ, transition zone.
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FIGURE 4 | RNA-Seq analysis of the retinal transcriptome (A–D). (A) Principal component analysis showing the juvenile (purple dots) and adult (green dots) samples

clustered according to their gene expression. Each dot represents one retina. (B) Volcano plot displaying the results of the RNA-seq analysis (statistical significance vs.

magnitude of change) and highlighting significant genes. Each dot represents one gene. A positive fold change indicates a decreased expression in the adult retina.

Four of the genes that showed decreased expression in the adult retina (Eomes, Otx2, N-myc, and Sox11) are highlighted. (C) Graph showing some of the significantly

enriched pathways (GO terms) indicating the number of genes significantly changing their expression in each pathway. (D) Graph showing some of the genes with a

significantly decreased expression in adults. The color code in (C,D) indicates the p-value (Pval). FC, fold change; NS, not significant; PC, principal component.

analysis could be attributed to higher differences in the age of
the adult individuals. In any case, the sexually mature adult
samples are clearly separated from sexually immature juvenile
samples. A total of 6,359 differentially expressed genes were
detected (Figure 4B; Supplementary Material 1). Of these, 4,203

genes showed decreased expression and 2,156 showed increased
expression in the adult retina (Supplementary Material 1).
GO term and KEGG pathway enrichment analyses showed
that many of the significantly enriched pathways are related
to cell division and cell cycle arrest (GO terms: “mitotic
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nuclear division,” “mitotic cytokinesis,” “regulation of exit
from mitosis,” and “cell cycle arrest”), neuronal plasticity (GO
terms: “regulation of neuronal synaptic plasticity” and “dendrite
morphogenesis”) or other developmental pathways (GO terms:
“regulation of establishment of cell polarity,” “photoreceptor
cell maintenance,” and “regulation of cellular senescence”)
(Figure 4C; Supplementary Material 2). These results were in
good agreement with the differences observed regarding changes
in proliferative/mitotic activity between juvenile and adult retinas
(see above). For example, the pathway related to “mitotic nuclear
division” showed a high number of genes significantly changing
their expression (Figure 4C).

Genes showing decreased expression in the adult retina (a
positive fold change indicates decreased expression in adults)
are good candidates to be pro-neurogenic and responsible for
the higher proliferative activity of the juvenile retina. Actually,
many of the genes that showed decreased expression in the adult
retina [e.g., several cyclins (Ccna2 or Ccnb1), Ki67, N-myc, Otx2,
Foxo1, Olig2, Ins1b, Mcm2, Meis2, Zic2, H2b2e, H3.2, Eomes
(Tbr2) or Sox family factors like Sox8 or Sox11 (Figures 4B,D;
Supplementary Material 1)] are known to be important
players in the maintenance of neural stem cell properties,
cell proliferation, cell cycle progression or neurogenesis.
Furthermore, genes belonging to signaling pathways known to
play major roles in nervous system development (e.g., Shh, Wnt,
Notch or Slit-Robo signaling pathways) also showed differential
expression (Supplementary Table 1). These results were in
good agreement with the histological and immunohistochemical
observations (see above) and revealed that these signaling
pathways might play a key role in retinal neurogenesis in sharks.

DISCUSSION

The teleost retina shows continual growth throughout life
(Marcus et al., 1999). In sharks, the eyes also show continuous
growth, with a close relationship between eye diameter and body
length (Litherland et al., 2009; Collin, 2018). The organization
of the peripheral retina observed in juveniles (present results;
Ferreiro-Galve et al., 2010) was very similar to that previously
described in late embryos (stages 33–34 as defined by Ballard
et al., 1993; Ferreiro-Galve et al., 2010). However, in adults
the peripheral retina showed a reduction in size compared to
juveniles and also relative to the entire size of the adult retina.
This decrease in the extension of the peripheral retina has been
also observed during retinal development in S. canicula embryos
(Ferreiro-Galve et al., 2010). The organization of mature cell
types in different cell layers in the central retina in juveniles
and adults was similar to that described in stage 33–34 embryos
(Ferreiro-Galve et al., 2010). However, a decrease in the thickness
of the INL, an increase in the thickness of the IPL and a
decrease in cell density in the INL and GCL were observed
in adults. This suggests that the increase in retinal size during
postnatal development might not be mainly due to addition of
new cells but rather to morphogenetic movements such as tissue
narrowing by cell intercalation and extension and also to an
increase in the extension/number of neuronal processes in the

IPL. In goldfish (teleost), most of the adult retinal growth (∼80%)
is due to hypertrophy or expansion (Johns, 1977). In Xenopus,
together with sustained cell production at the CMZ, a passive
area expansion contributes to the overall retinal growth from
the metamorphic climax to adulthood (Straznicky and Hiscock,
1984). Passive stretching has been also suggested to be involved in
retinal growth in squamates (Eymann et al., 2019), birds (Fischer
and Reh, 2000 and references therein), and mammals (Kuhrt
et al., 2001).

Based on data obtained from teleosts (goldfish: Johns, 1977;
rainbow trout: Julian et al., 1998; zebrafish: Marcus et al., 1999),
it has been largely assumed that the retina of adult fishes presents
cell proliferation and neurogenesis from CMZ progenitors and
Müller glia (reviewed by Alunni and Bally-Cuif, 2016). Our
data shows that the catshark retina has virtually no mitotic
activity after sexual maturation, which together with histological
data, suggests that retinal growth in sharks is caused by tissue
expansion. The highly reduced TZ with almost no DCX positive
neuroblasts in adults also indicates a lack of active neurogenesis.
Lack of cell proliferation has been also observed in the adult
lamprey retina (Villar-Cheda et al., 2008). Based on results on
adult neurogenesis from the CMZ in teleost fish, amphibians,
reptiles, birds, and mammals (see introduction) it has been
suggested that the CMZ cells have been gradually diminished
through the course of vertebrate evolution (Kubota et al.,
2002). Our results in sharks suggest that a reduced neurogenic
activity after sexual maturation could correspond to the ancestral
character in jawed vertebrates.

In the peripheral retina (CMZ and TZ), we also observed
significant changes in the expression of progenitor markers.
The number of GFAP+ and ScSox2+ progenitors in the adult
peripheral retina become highly reduced. Since the vast majority
of peripheral cells do not express PCNA or pH3 at this period,
they could correspond to quiescent progenitors that keep their
ability to re-enter the cell cycle in case of injury or disease, as
previously described for Müller cells in Xenopus (Langhe et al.,
2017). Future work should determine whether mitotic activity,
proliferation, and neurogenesis are reactivated after injury in
adult catsharks.

Finally, RNA-Seq analyses of the retinal transcriptome of
juvenile and adult catsharks revealed a decrease in the expression
of genes typically associated with proliferation, neurogenesis,
cell-cycle regulation, and maintenance of progenitor cell
properties. This confirmed that the catshark retina losses most of
its proliferative and neurogenic activity after sexual maturation
and that these genes probably play key roles in maintaining a
high neurogenic activity in juveniles. We also observed changes
in the expression of genes belonging to pathways known to
be involved in the control of neurogenic processes like Shh,
Wnt, Notch or Slit/Robo signaling (Supplementary Table 1).
The RNA-Seq results fit perfectly with the histological and
immunofluorescence data. Taken together, these data and
those reported in other vertebrates show that the maintenance
of an active proliferating state in the adult retina is a
variable trait of vertebrates, suggesting a high evolvability
of underlying mechanisms. Our RNA-Seq data provide an
excellent resource to identify new genes and signaling pathways
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controlling neurogenesis in the vertebrate retina, to decipher
the molecular basis for such variations and clarify underlying
evolutionary modalities.
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A subset of pediatric tumors affects very young children and are thought to arise
during fetal life. A common theme is that these embryonal tumors hijack developmental
programs, causing a block in differentiation and, as a consequence, unrestricted
proliferation. Embryonal tumors, therefore typically maintain an embryonic gene
signature not found in their differentiated progeny. Still, the processes underpinning
malignant transformation remain largely unknown, which is hampering therapeutic
innovation. To gain more insight into these processes, in vitro and in vivo research
models are indispensable. However, embryonic development is an extremely dynamic
process with continuously changing cellular identities, making it challenging to define
cells-of-origin. This is crucial for the development of representative models, as targeting
the wrong cell or targeting a cell within an incorrect developmental time window can
result in completely different phenotypes. Recent innovations in in vitro cell models may
provide more versatile platforms to study embryonal tumors in a scalable manner. In
this review, we outline different in vitro models that can be explored to study embryonal
tumorigenesis and for therapy development.

Keywords: pediatric cancer, embryonal tumors, in vitro models, organoids, therapy

INTRODUCTION

Cancer is the leading disease-related cause of death in children (Siegel et al., 2016; Cunningham
et al., 2018). A significant subset of pediatric tumors occurs in early childhood, suggestive of
an origin in prenatal life (Marshall et al., 2014). These so-called embryonal tumors are thought
to develop as a consequence of aberrant development. However, for many embryonal tumors
the processes driving tumorigenesis remain unknown. Whereas, adult cancers develop by a
progressive accumulation of mutations over many years (Stratton et al., 2009), embryonal tumors
are typically characterized by a relatively low mutational burden and only a few genetic events
to drive tumorigenesis (Vogelstein et al., 2013; Gröbner et al., 2018; Rahal et al., 2018; Kattner
et al., 2019). The few genetic alterations that do occur likely cause fetal cells to maintain a
progenitor-like state and prohibit differentiation. This maturation block has been suggested
to prime cells for malignant transformation (Chen et al., 2015; Puisieux et al., 2018; Rahal
et al., 2018; Jessa et al., 2019). To better understand the processes underpinning embryonal

Abbreviations: ASC, adult stem cell; DIPG, diffuse intrinsic pontine glioma; ESC, embryonic stem cell; GCT, germ cell
tumor; GEMM, genetically engineered mouse model; H3K27M, histone 3 methionine for lysine 27 substitution; iPSC,
induced pluripotent stem cell; MRT, malignant rhabdoid tumor; NPC, neural progenitor cell; NCC, neural crest cell; RPC,
retinal precursor cell; SWI/SNF, SWItch/Sucrose Non-Fermentable.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 February 2021 | Volume 9 | Article 64063381

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.640633
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.640633
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.640633&domain=pdf&date_stamp=2021-02-26
https://www.frontiersin.org/articles/10.3389/fcell.2021.640633/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-640633 February 22, 2021 Time: 19:18 # 2

Custers et al. In vitro Modeling of Embryonal Tumors

tumorigenesis, a direct comparison between normal and tumor
development is key. Gene expression profiling of fetal tissues
with single cell resolution has provided more insights into the
developmental trajectories driving embryogenesis. Comparison
of such profiles with tumor gene expression signatures have
defined the cellular identity of several embryonal tumors, possibly
pointing to their cellular origin (Boeva et al., 2017; Young et al.,
2018, 2020; Hovestadt et al., 2019; Jessa et al., 2019; Vladoiu et al.,
2019). Yet, in many cases these studies are merely correlative and
lack subsequent functional validation. To do so, representative
in vitro and in vivo preclinical models are crucial.

Genetically engineered mouse models (GEMMs) have been
the golden standard for finding the cellular origin of cancers,
by introducing tumor driver events in putative tumor-initiating
cells (Visvader, 2011; Marshall et al., 2014). Although GEMMs
have provided important insights into tumorigenesis, several
drawbacks limit their potential as a representative model of
embryonal tumors. Embryonic development is an extremely
dynamic process with continuously changing cellular identities,
which makes it very challenging to target the right cell at the
right time. For instance, homozygous loss of the Wilms tumor
driver gene Wt1 was shown to be embryonically lethal in mice
(Kreidberg et al., 1993), whereas a specific Wt1 ablation at E11.5
in a small fraction of nephron progenitor cells resulted in Wilms
tumor formation (Hu et al., 2011; Berry et al., 2015; Huang
et al., 2016). Moreover, GEMM generation is time consuming
and mouse development does not fully recapitulate human
embryogenesis (Navin et al., 2010, 2011; Blakeley et al., 2015;
Theunissen and Jaenisch, 2017). The development of new
in vitro cell models increasingly recapitulating the complexity
of organogenesis will open new avenues for the development
of novel, relevant embryonal tumor models. In this review,
we discuss the currently available in vitro models to study
embryonal tumorigenesis as well as the discovery of new
therapeutic strategies.

CELL LINES OF FETAL ORIGIN

A broad range of cell lines has been established over the
last decades. Cell lines are easy to maintain and typically
do not consume many resources, which allows for fast
and parallel modeling of multiple tumor driver events. This
is particularly useful to interrogate the complex genetics
underlying heterogeneous tumor phenotypes. One such tumor
is neuroblastoma, which is characterized by a variety of driver
events, including MYCN amplification and ALK mutations
(Johnsen et al., 2019). To study neuroblastoma initiation, models
of its embryonic origin, neural crest (Johnsen et al., 2019), are
required. In vitro murine neural crest models can be generated
by extraction of neural tubes from mouse embryos, which are
subsequently placed in a culture dish to initiate the migration of
neural crest cells onto the plate (Maurer et al., 2007; Olsen et al.,
2017). The neural crest cells lose their multipotency over time
in vitro (6–10 cell divisions) (Stemple and Anderson, 1992) and
are, therefore only suitable for short-term experiments. However,
multipotency can be maintained by exogenous c-Myc expression.
Accordingly, Maurer et al. (2007) generated the JoMa1 neural

crest cell line, which was established from mouse embryos
carrying the inducible c-MycER transgene, enabling tamoxifen-
inducible c-Myc expression and maintenance of multipotency. In
both the JoMa1 cell line (Schulte et al., 2013) and non-genetically
modified neural crest cells (Olsen et al., 2017), overexpression
of MycN was proven sufficient to generate neuroblastoma upon
transplantation in immune-deficient mice. Other murine neural
crest-derived neuroblastoma models accommodate oncogenic
variants of Alk or Phox2b, which was shown to impair neural
crest development and inhibit sympathoadrenal differentiation
processes (Reiff et al., 2010; Schulte et al., 2013; Montavon
et al., 2014). However, murine neural crest development has
been shown to be different from human in many aspects
(O’Rahilly and Müller, 2007; Betters et al., 2010). Cohen
et al. (2020), therefore developed a mouse-human chimera to
study neuroblastoma formation in a human setting. Human
iPSC-derived neural crest cells were injected in utero into
gastrulating mouse embryos to form a human neural crest
lineage in mice. For neuroblastoma modeling, the neural crest
cells were subsequently genetically engineered with inducible
expression constructs of MYCN and an oncogenic variant of
ALK. Upon induction, mice developed tumors characteristic
of patient neuroblastoma, and tumor transcriptomes resembled
neuroblastoma patients more closely than GEMMs. Interestingly,
injections subcutaneously lead to tumor formation but without
expression of neuroblastoma markers (Cohen et al., 2020).
These findings suggest that human neural crest cells serve
as a more representative model than mouse, but only when
generated in the appropriate developmental context and
orthotopic environment.

Another embryonal tumor entity where differences between
human and mouse models of tumorigenesis were observed is
retinoblastoma. The common driver event of retinoblastoma
is loss of RB1 during retinal development (Dimaras et al.,
2015). Retinoblastoma modeling using GEMMs has proven
challenging, as engineering of Rb1-deficient mice resulted in
embryonic lethality (Lee et al., 1992; Wikenheiser-Brokamp,
2006) and retina-specific depletion of Rb1 was required.
However, in contrast to human, mouse retinal cells were proven
insensitive to Rb1 depletion and required additional knock-
outs of tumor suppressors p107 or p130 for retinoblastoma
development (Robanus-Maandag et al., 1998; Dannenberg et al.,
2004; MacPherson et al., 2004). To generate human models
of retinal development, Xu et al. (2014) isolated human fetal
retinal cells post-fertilization retaining all retinal precursor cell
types (RPCs) at distinct maturation states. Depletion of RB1
within the different RPCs indicated post-mitotic cone-precursors
to be most prone to develop into retinoblastoma, based on its
ability to form tumors with expression of retinoblastoma markers
upon xenografting in mice (Xu et al., 2014). Furthermore, RB1
loss in matured retinal cells did not induce retinoblastoma,
validating that tumor initiation is restricted to a specific cell
within retinal development.

Overall, in vitro modeling of retinoblastoma and
neuroblastoma in human and mouse fetal cell cultures
uncovered that fundamental differences between mice and
human development can impede representative modeling of
embryonal tumors.
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PLURIPOTENT STEM CELL-DERIVED
CELL LINES

Classical cell lines are typically composed of a single type
of progenitor-like cell representing a specific germ layer
(i.e., endoderm, ectoderm, mesoderm, neural crest). Culture
models still capable of generating the different germ layers
give the opportunity to model embryonal tumors of which
it is not yet clear from which lineage they arise, or which
seem to arise across the boundaries of the different germ
layers. Current in vitro models capable of recapitulating these
different developmental trajectories include pluripotent stem
cells (PSCs) such as embryonic stem cells (ESCs) and induced
PSCs (iPSCs), which can self-renew and be subjected to
differentiation protocols that enforce all germ layers (Liu G.
et al., 2020). PSCs can be stably maintained in culture and
are permissive for genetic manipulation (Liu G. et al., 2020).
With the development of effective differentiation protocols, PSCs
can mirror embryonic development and therefore serve as a
valuable model to study tumorigenesis. iPSCs are generated
through the forced dedifferentiation of somatic cells, which
thereby regain pluripotency. The molecular mechanisms that
underly this reprogramming show significant similarities with the
processes driving a subset of the embryonal germ cell tumors
(GCTs) (Oosterhuis and Looijenga, 2019), including yolk sac
tumors, embryonal carcinomas, and teratomas. GCTs encompass
a diverse group of cancer entities that arise from cells of the
early embryo or germ line (Oosterhuis and Looijenga, 2019).
Interestingly, somatic mutations play a minor role as drivers of
GCT development. Tumors are thought to arise by epigenetic
deregulation of the cell-of-origin or aberrant stem cell niche
factors (Oosterhuis and Looijenga, 2019). The developmental
potency of the cell-of-origin can be reprogrammed through
increased expression of well-known pluripotency factors, such
as NANOG and OCT4 (De Jong and Looijenga, 2006; Thomas
et al., 2011). Xenograft studies have shown that iPSCs and ESCs
are intrinsically tumorigenic (Ben-David and Benvenisty, 2011).
Upon xenografting, iPSCs develop into a benign GCT referred to
as teratoma or in some cases more malignant GCTs, dependent
on the reprogramming method applied (Lee et al., 2013). These
findings indicate that maintaining an early embryonic cellular
context is, by itself, sufficient for tumor initiation. Although
PSC tumorigenicity is a limitation for its potential application in
regenerative medicine, iPSCs and ESCs can on the other hand
serve as in vitro models of GCTs.

A major class of genes mutated in childhood as well
as adult cancers are subunits of the SWItch/Sucrose Non-
Fermentable (SWI/SNF) chromatin remodeling complex
(Wilson and Roberts, 2011; Shain and Pollack, 2013).
The role of this complex in embryonal tumors is clearly
exemplified in malignant rhabdoid tumors (MRT), which
are characterized by the complete loss of SWI/SNF subunit
SMARCB1 (95% of cases) or SMARCA4 (5% of cases) (Lee
et al., 2012; Hasselblatt et al., 2014). To study MRT initiation,
SMARCB1 was knocked down in hESCs using RNA interference
(Langer et al., 2019). The differentiation capacity of hESCs
was subsequently assessed, demonstrating that SMARCB1

inhibition specifically repressed neural induction, whereas
mesodermal and endodermal lineage induction was not affected
(Langer et al., 2019). In culture conditions inducing neural
differentiation, SMARCB1 was shown to be essential for
increased chromatin accessibility at neural differentiation genes
and silencing of pluripotency-related super-enhancers (Wang
et al., 2017; Langer et al., 2019). Furthermore, SMARCB1-
null iPSCs that were transplanted into mice were able to
generate MRT (Terada et al., 2019). Interestingly, iPSCs that
had further progressed to neural progenitor cells (NPCs)
generated tumors without rhabdoid features. These results
show a lineage-specific role for SMARCB1 in vitro, validating
recently developed MRT GEMMs wherein Smarcb1 loss-induced
rhabdoid tumor development was demonstrated to be limited
to a specific developmental time and lineage (Han et al., 2016;
Vitte et al., 2017).

A different layer of epigenetic regulation affected in embryonal
tumors is the post-translational modification of histone tails,
which enables a rapid switch between active or repressive
histone marks to dynamically regulate gene expression during
development. Mutations in histones are specifically characterized
in a subset of pediatric gliomas. In diffuse intrinsic pontine
glioma (DIPG), nearly 80% of cases have a missense mutation
in the histone 3.3 gene (H3F3A), causing a substitution of
methionine for lysine 27 (H3K27M) (Khuong-Quang et al.,
2012; Schwartzentruber et al., 2012; Wu et al., 2012). The
origin of DIPG was indicated to lie in early neural development
(Filbin et al., 2018; Sun et al., 2019), presumably making
NPCs derived from ESCs a suitable model for tumor initiation.
In line with this, overexpression of the H3K27M mutant
in NPCs resulted in increased proliferation (Funato et al.,
2014). Interestingly, introduction of the mutation was ineffective
in uninduced ESCs or mature astrocytes. For a majority of
DIPG cases, H3K27M mutations are typically co-occurring with
amplification of PDGFRA and loss of TP53 (Khuong-Quang et al.,
2012). Combined introduction of these three genetic events in
NPCs induced more extensive neoplastic features, generating
DIPG when transplanted in mice (Funato et al., 2014). This
combination of mutations prohibited early NPCs to differentiate
to astrocytes (Funato et al., 2014), explaining the observed
maturation block in DIPG.

MRT and DIPG modeling approaches using ESCs and iPSCs
have demonstrated that a specific cellular context is required
for malignant transformation, meaning that tumorigenesis is
restricted to a specific developmental time and fetal cell type.

PLURIPOTENT STEM CELL-DERIVED
ORGANOIDS

Recent innovations in three-dimensional (3D) culture
technology, such as organoids, has opened new opportunities
for generating additional representative models of embryonal
tumors. Organoids can be derived from adult (ASC) or
pluripotent stem cells. They typically capture the cellular
and genetic heterogeneity of native tissue and recapitulate
cellular hierarchy and dynamics to a large extent, which is most
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likely a consequence of their 3D architecture (Clevers, 2016).
Therefore, 3D organoid cultures seem to better recapitulate
organ morphogenesis (Clevers, 2016).

Following that rationale, 3D retinal organoids were established
from hESCs or iPSCs, allowing for more comprehensive studies
of retinoblastoma initiation in human cells (Zhong et al., 2014;
Kuwahara et al., 2015). Loss of RB1 in retinal organoids showed
a dysregulation of retinal maturation processes, impairing
differentiation toward photoreceptors, ganglion, and bipolar cells
(Zheng et al., 2020). However, the depletion of RB1 was not
sufficient for retinoblastoma initiation as the organoids did not
fully recapitulate the retinoblastoma cell phenotype. In addition,
transplantation of RB1-null organoids into immune-deficient
mice did not result in retinoblastoma formation (Zheng et al.,
2020). In contrast, Liu H. et al. (2020) utilized an alternative
hESC-derived retinal organoid model, in which RB1 depletion
did successfully generate tumors upon xenografting and better
resembled patient retinoblastoma. These findings illustrate that
the finetuning of retinal organoid establishment can affect the
outcome of RB1 depletion, possibly due to differences in cellular
composition and the presence or absence of the cell-of-origin.
These studies further highlight the specific cellular context
required for retinoblastoma initiation and point out a possible
limitation of PSC-derived models, as they may not be able to
generate the full extent of cell-types found in vivo.

A frequent source of embryonal tumors is the embryonic
brain. Human brain development can be mimicked by
differentiation of PSCs to neural progenitor cells. In culture, they
can self-organize into cerebral or cerebellar organoids containing
different cell types in a polarized structure (Muguruma et al.,
2015; Luo et al., 2016). Embryonic cerebellar organoids have
been successfully used to model pediatric brain tumors,
including medulloblastoma and rhabdoid tumors (Ballabio
et al., 2020; Parisian et al., 2020). Organoid cultures can be
utilized to introduce tumorigenic mutations in a systematic
manner, as shown for cerebral organoids (Bian et al., 2018),
demonstrating the potential for high-throughput in vitro tumor
modeling. Furthermore, cerebellar organoids can be exploited
to decipher tumor subtype-specific processes. Medulloblastoma,
among other embryonal tumor entities, is classified into
subtypes based on the oncogenic activation of specific signaling
pathways (Cavalli et al., 2017). The medulloblastoma subgroup
3 (MYC amplified subgroup) was successfully modeled in
cerebellar organoids by combination of MYC and OTX2 or GFI1
overexpression (Ballabio et al., 2020). The genetically modified
cerebellar organoids showed increased proliferation and
enrichment for progenitor cells, indicative of a differentiation
block. Upon transplantation into mice, medulloblastomas
developed resembling subgroup 3 tumors based on marker
genes and DNA methylation patterns. Other medulloblastoma
subtypes, likely arising from distinct neural differentiation
trajectories, have not been modeled in vitro up to date (Gibson
et al., 2010; Grammel et al., 2012; Hovestadt et al., 2019). To do
so, tumor initiation models composed of different neural lineages
may be required.

Overall, the development of embryonic organoid cultures
has provided relevant models of embryonal tumorigenesis.

By approaching in vivo physiology, human organoids may
serve as a promising alternative for time- and labor-intensive
in vivo studies.

REVERSE TUMOR MODELING AND
DIFFERENTIATION THERAPY

Relieving the differentiation block underpinning embryonal
tumor development could potentially serve as a therapeutic
approach (i.e., maturation therapy). To develop such therapies,
the differentiation block must first be defined, which can be
achieved through reverse tumor modeling by, for instance,
reverting the oncogenic driver in cultured tumor cells. Following
this principle, inhibition of N-MYC in MYCN-amplified
neuroblastoma cell lines induced a differentiation morphology
as well as upregulation of neural differentiation genes (Kang
et al., 2006; Henriksen et al., 2011; Jiang et al., 2011; Westermark
et al., 2011; Hossain et al., 2013). Differentiation phenotypes were
also observed upon genetic manipulation of medulloblastoma
models (Liu et al., 2017; Cheng et al., 2020; Zagozewski et al.,
2020), and MRT models (Betz et al., 2002; Nakayama et al.,
2017; Wang et al., 2017). These studies show that reversal
of the genetic driver can transform tumor cells to a more
mature cell state, possibly reflecting the matured cell type it
would have become, had it not become cancerous. Genetic
repair of driver genes is not feasible at present (Dunbar
et al., 2018). An alternative strategy is to induce differentiation
pharmacologically. For instance, experiments performed in MRT
models with SMARCB1 re-expression identified EZH2 and BRD9
as promising therapeutic targets (Erkek et al., 2019; Wang
et al., 2019). Moreover, aberrant epigenetic regulation is often
causal of the malignant embryonic state of pediatric cancer cells
(Lawlor and Thiele, 2012), potentially explaining the sensitivity
of different embryonal tumors to drugs targeting epigenetic
modifiers (Table 1). Treatment of in vitro pediatric tumor models
with differentiation agents can recapitulate the effects achieved
by driver reversal. However, a durable effect of differentiation
therapy can only be acquired through induction of an irreversible
growth arrest. As in vivo studies have shown, single agent
treatment may not suffice to induce terminal differentiation and
that combination therapy is required to do so (Hahn et al., 2008;
Botrugno et al., 2009; Westerlund et al., 2017; Chen et al., 2018).
A powerful tool to identify new (combinations of) drugs are high-
throughput drug screens performed on in vitro tumor models.
Organoids directly derived from patient tumor tissue could
provide such models, as they have been shown to closely resemble
its parental tissue (Drost and Clevers, 2018). Confirming their
potential, an increasing number of reports described that tumor
organoids are predictive for patient drug response (Tiriac et al.,
2018; Vlachogiannis et al., 2018; Ganesh et al., 2019; Ooft et al.,
2019; Yao et al., 2020). Recently, the organoid technology was
also successfully applied to several pediatric cancers, including
embryonal tumors such as MRT and Wilms tumors (Schutgens
et al., 2019; Calandrini et al., 2020). The efficient establishment
and cryopreservation of tumor organoid models from primary
patient tissue allows for the generation of large patient cohorts
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TABLE 1 | In vitro embryonic tumor initiation models and differentiation therapies.

Tumor Origin In vitro models Differentiation therapy

Neuroblastoma Neural crest cells
(NCCs)

MYCN overexpression in mouse primary NCCs (Olsen
et al., 2017)
MYCN/ALK-F1174L overexpression in a mouse NC cell-line
(Schulte et al., 2013)
Mouse-human chimeras with MYCN overexpression in
iPSC-derived hNCCs (Cohen et al., 2020)
Engineering human 1p36 deletions in mouse NCCs
(García-López et al., 2020)

Retinoic acid treatment (Lone et al., 2016; Westerlund
et al., 2017)
HDAC inhibitors (Hahn et al., 2008; Frumm et al., 2013)
EZH2 inhibitors (Chen et al., 2018)

MRT Neural crest cells
(NCCs)

SMARCB1 knockout in iPSCs (Terada et al., 2019)
SMARCB1 knockdown in ESCs (Langer et al., 2019)
SMARCB1 knockout in cerebellar organoids (Parisian et al.,
2020)

HDAC inhibitors (Muscat et al., 2016)
EZH2 inhibitors (Knutson et al., 2013)

Medulloblastoma Neural progenitor
cells

c-MYC overexpression in cerebellar organoids (Ballabio
et al., 2020)
MYCN overexpression in neuroepithelial stem cells (Huang
et al., 2019)

Retinoic acid treatment (Patties et al., 2016)
EZH2 inhibitors (Cheng et al., 2020)
SHH inhibitors (Ocasio et al., 2019)
BET-bromodomain inhibitors (Bandopadhayay et al., 2019)

DIPG Oligodendrocyte
precursor cells

H3K27M mutations in hESC derived NPCs (Funato et al.,
2014)
ACVR1 mutations in neurospheres (Hoeman et al., 2019)

HDAC inhibitors (Anastas et al., 2019)
BET-bromodomain inhibitors (Mohammad et al., 2017)

Retinoblastoma Cone precursor
cells

RB1 depletion in fetal retinal cell cultures (Xu et al., 2014)
RB1 depletion in hESC derived retinal organoids (Liu H.
et al., 2020; Zheng et al., 2020)

FIGURE 1 | Overview of embryonal tumor modeling techniques. Illustration that summarizes the different in vitro approaches used to model embryonal tumors
(MRT = malignant rhabdoid tumor; DIPG = diffuse intrinsic pontine glioma, GCT = germ cell tumor). In vitro tumor models are grouped by their source: cell lines of
fetal origin, 2D embryonic stem cell (ESC) derived or induced pluripotent stem cell derived (iPSC) cell lines and 3D ESC/iPSC derived organoids. The gene-editing of
tumor driver events is indicated (red = loss of function/deletions; green = gain of function/overexpression). Permission to reuse and Copyright: Medical illustrations
used in in this figure were modified from Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Generic License.
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stored in organoid biobanks. This is seemingly of particular
interest for rare tumors, such as embryonal tumors, for which
research material is scarce. In conclusion, the generation of novel
and more representative in vitro embryonal tumor models is key
for the improvement of differentiation therapeutics.

DISCUSSION

In this review, we have attempted to outline the rapidly
developing field of in vitro embryonal tumor models and
discussed their added value to embryonal tumor research
(Figure 1 and Table 1). Still, each model has its intrinsic
limitations. For instance, fetal cells can be extracted and cultured
from fetal tissues (Xu et al., 2014), but in many cases they
do not represent the continuously changing cellular identities
found during embryonic development. Alternatively, iPSCs or
ESCs cell lines can be deployed to recapitulate these dynamics.
Still, even though the spectrum of differentiation protocols is
rapidly expanding, many embryonic cell types found in vivo
cannot yet be captured in vitro. Additionally, in vitro cultures
of ESCs or iPSCs have been shown to be susceptible to
“spontaneous” malignant transformation, which can complicate
the interpretation of modeling experiments (Ben-David and
Benvenisty, 2011). Furthermore, 2D cultures do not capture 3D
tissue architecture (Pampaloni et al., 2007). These limitations
have been to some extent improved in 3D organoid cultures,
which better capture the cell-cell interactions found during
embryonic organogenesis (Clevers, 2016). The development
of mouse-human chimeras has highlighted the role of the
microenvironment in tumor progression (Cohen et al., 2020)
and reveals a promising opportunity to bridge the gap of
in vitro and in vivo tumor modeling, as mouse-human chimeras
have the advantage of having human cells combined with an
in vivo murine microenvironment. A good representation of
patient tumor evolution remains challenging in in vitro models.
In patients, tumors originate from a single tumor-initiating
cell, wherein a genetic driver event induces aberrant signaling
pathways that provide a cell with competitive advantages.
Continuous selection of such cells (clonal selection) is thought to
form the basis of tumor initiation, progression, and heterogeneity
(Navin et al., 2010, 2011). In vitro models typically do not reflect
the environmental conditions causing clonal selection, as culture

conditions are only a simplified version of in vivo signaling
complexity. Embryonal tumors maintain a fetal identity, which
is no longer present in matured tissues (Orbach et al., 2013;
Marshall et al., 2014). The characterization of developmental
programs in embryonal tumors can therefore give crucial insights
into the processes underpinning malignant growth. Single cell
transcriptome profiling of tumors and developing tissues has
proven to be a promising tool to reveal such processes, which
could potentially serve as therapeutic targets (Filbin et al., 2018;
Zhang et al., 2019). Similar methods can also be applied to in vitro
models recapitulating embryonal tumorigenesis, as demonstrated
for the retinoblastoma organoid model generated by Liu H.
et al. (2020), which has the advantage that it allows for a direct
comparison of normal and tumor development.

Although many in vitro embryonic cell-derived tumor models
have been established over the years, the spectrum is biased
toward ectoderm-derived tumors. It seems a matter of time
before mesoderm- or endoderm-derived in vitro tumor models
(e.g., Wilms tumor and hepatoblastoma) will be developed, as the
number of culture systems for fetal tissues is rapidly expanding
(Low et al., 2019; Ooms et al., 2020; Hendriks et al., 2021).

We are only just beginning to understand the complexity
of embryonal tumor development. Although capturing this
complexity in a single in vitro model might not be feasible, further
development of representative in vitro cell models recapitulating
at least part of it is crucial to gain further insight into the
fundamental processes underpinning malignant growth and the
development of new therapeutic strategies.
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Cell fate decisions during development are governed by multi-factorial regulatory
mechanisms including chromatin remodeling, DNA methylation, binding of transcription
factors to specific loci, RNA transcription and protein synthesis. However, the
mechanisms by which such regulatory “dimensions” coordinate cell fate decisions
are currently poorly understood. Here we quantified the multi-dimensional molecular
changes that occur in mouse embryonic stem cells (mESCs) upon depletion of Estrogen
related receptor beta (Esrrb), a key pluripotency regulator. Comparative analyses of
expression changes subsequent to depletion of Esrrb or Nanog, indicated that a
system of interlocked feed-forward loops involving both factors, plays a central part in
regulating the timing of mESC fate decisions. Taken together, our meta-analyses support
a hierarchical model in which pluripotency is maintained by an Oct4-Sox2 regulatory
module, while the timing of differentiation is regulated by a Nanog-Esrrb module.

Keywords: stem cells, epigenetics, multi-omics network, feed forward regulatory loops, proteomics

INTRODUCTION

Understanding how embryonic and induced pluripotent stem cells (ESCs and iPSCs, respectively)
regulate cell fate decisions is crucial to realizing their biomedical potential (Liu et al., 2020). The
pluripotent state is maintained by intrinsic and extrinsic signals that converge on a network of core
transcription factors (TFs) including Oct4, Sox2, and Nanog among others (Boiani and Schöler,
2005; Ivanova et al., 2006; Wang et al., 2006; Chen et al., 2008; Papatsenko et al., 2015; Verneri
et al., 2020). These factors are interconnected via transcriptional and protein-protein interactions
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(Wang et al., 2006; Pardo et al., 2010; van den Berg
et al., 2010). However, the exact order of these interactions
and the overall molecular mechanisms of the pluripotency
network remain unclear.

The diverse phenotypic outputs of the core transcriptional
puripotency and self-renewal network are directly or indirectly
determined by genetic programs regulated via TF binding to the
promoter regions of pluripotency regulators and differentiation
inducers and this is mediated through changes in epigenetic states
of DNA and chromatin at specific loci. From this point of view,
network regulatory functions have clear multidimensionality.
While previously many studies were focused on one or two
dimensions (e.g., mRNA expression and/or TF binding) at a
single time-point, now more studies are starting to address
the dynamics of multidimensionality of regulatory networks as
they process biological information during cell fate transitions
(Lu et al., 2009; Verneri et al., 2020). The goal of the current
study is to elucidate global dynamic changes across multiple
regulatory dimensions promoted by the depletion of Estrogen
related receptor beta (Esrrb), a major core pluripotency TF.

The orphan nuclear receptor Esrrb first emerged as a core
pluripotency TF when it was shown that depletion by shRNA
results in loss of pluripotency accompanied by differentiation
toward epiblast-derived lineages, such as mesoderm and
neuroectoderm (Ivanova et al., 2006; Festuccia et al., 2018).
Further evidence came from observations that Esrrb can
substitute cMyc and Klf4 in iPSC reprogramming (Feng et al.,
2009). Interactions of Esrrb with Oct4 and Nanog were
demonstrated using genetics and biochemistry. Specifically, Esrrb
and Oct4 co-occupy the Nanog proximal promoter and positively
regulate its expression (van den Berg et al., 2008). Recent results
demonstrating co-binding of Esrrb and Sox2 support this view
and suggest that Esrrb is among the key TFs present in ESC
while absent in more mature epiblast-derived stem cells (EpiSC)
(Hutchins et al., 2013).

Additional studies have shown that the ability of Nanog
to confer LIF-independent self-renewal depends on Esrrb and
over expression of Esrrb can maintain self-renewal even without
Nanog. In addition, Esrrb over expression can recapitulate Nanog
activity during iPSC reprogramming (Festuccia et al., 2012). It
has also been demonstrated that Esrrb is necessary and sufficient
to mediate self-renewal downstream of the Wnt/Gsk3/Tcf3
signaling pathway (Martello et al., 2012). Tcf3 is a transcriptional
repressor of pluripotency and is inactivated by Gsk3 in the
presence of Wnt signals. Global analyses of Tcf3 target genes
pointed to Esrrb as the most likely target TF mediating repression
by Tcf3 (Martello et al., 2012). Together, these findings suggest
a high position for Esrrb in the hierarchy of pluripotency
TFs. Moreover, there appears to be at least partial functional
redundancy between Esrrb and Nanog mediated by a highly
interconnected regulatory module in which Esrrb and Nanog are
linked by protein–protein as well as transcriptional interactions
(Loh et al., 2006; Wang et al., 2006; van den Berg et al., 2008, 2010;
Zhang et al., 2008).

Global molecular changes following shRNA-mediated
depletion of Nanog were previously described by our group

(Lu et al., 2009). Here, we expand these analyses for Esrrb
depletion by considering five regulatory dimensions: (i)
dynamics of global mRNA, (ii) dynamics of promoter
methylation, (iii) dynamics of the nuclear proteome, and
dynamics of (iv) activating (H3K4me3) as well as (v) repressive
(H3K27me3) histone marks and provide a comprehensive
view of evolving cell fate changes during the exit of the
pluripotent state.

Meta analyses of the five regulatory dimensions and
superposition of the current Esrrb and previous Nanog datasets
(Ivanova et al., 2006; Loh et al., 2006; Lu et al., 2009; Macarthur
et al., 2012), reveal several topological elements including
network motifs linking Esrrb and Nanog with other core
pluripotency TFs and their targets. Commonly identified network
motifs such as feed-forward (FFL) or bi-parallel loops (BPLs)
involve both TF/target interactions. In general, FFL are known to
be widely present in biological networks (Milo et al., 2002). Along
with the structural analysis of the pluripotency gene regulatory
network architecture (PGRN), we have found a hierarchical
model in which pluripotency is maintained by an Oct4-Sox2
regulatory module, while the timing of differentiation is regulated
by a Nanog-Esrrb.

MATERIALS AND METHODS

ES Cell Culture
The murine ESC lines with controllable Esrrb expression
(Esrrb_R) or controllable Nanog expression (Nanog_R) were
constructed and characterized previously (Ivanova et al., 2006),
and were maintained as described on irradiated primary mouse
embryonic fibroblasts (MEFs). For all experiments, ESCs were
cultured on 0.1% gelatin-coated tissue culture plates without
feeder cells. To induce differentiation, we withdrew Doxycycline
(Dox) (1 µg ml-1, Sigma) from the media while maintaining all
other routine ESC nutrients: D-MEM–High Glucose (Dulbecco’s
modified Eagle’s medium-1X-High Glucose) (Gibco, Invitrogen),
15% FBS (fetal bovine serum) (Hyclone, Thermo Fisher
Scientific), 100 mM MEM non-essential amino acids, 0.1 mM
2-mercaptoethanol, 1 mM L-glutamine, Penicillin/Streptomycin
(Gibco, Invitrogen) and 103 U ml−1 LIF (Chemicon, Millipore).
All cell cultures were maintained at 37◦C with 5% CO2
and cells were plated at a density of 3 × 105 cells per
10 cm dish.

Microarray Gene Expression Profiling
RNA probes from each time point were hybridized to Affymetrix
Gene Chip Mouse Gene 1.0 ST microarrays (three biological
replicates: 12 arrays in total) according to the manufacturer’s
protocols by the Genomics Core facility at the Icahn School of
Medicine at Mount Sinai, New York. Data were normalized using
the Robust Multichip Average (RMA) method in the Affymetrix
Expression Console software. Expression measurements were
obtained by taking the mean readings for gene-specific probe sets
and the data were log2 normalized. Microarray data analysis is
described at the Supplemental Experimental Procedures file.
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Array-Based Methylation Analysis Using
HELP
The HELP assay was performed as previously described
(Khulan et al., 2006). We used the HELP mouse promoter
array MM9_HX3 on a 720K platform which is designed to
cover 117,000 HpaII amplifiable fragments (genomic sequences
between two flanking HpaII sites 200–2000 bp apart) within
CpG islands and promoters of the well characterized RefSeq
genes derived from the UCSC RefFlat files. Hybridization was
performed at the Weill Cornell Medical College Epigenomics
Core Facility. Scanning was performed using a NimbleGen
MS 200 scanner. For array-based methylation data analyses
see Supplementary Table 4, which contains the genes that
significantly changed their methylation state in the Esrrb and
Nanog time series.

Chromatin Immunoprecipitation
Chromatin immunoprecipitations (ChIPs) were performed
as described (Boyer et al., 2005). Images acquired from
the Solexa sequencer were processed through the bundled
Solexa image extraction pipeline and aligned to the Mouse
July 2007 assembly (NCBI37/mm9) using ELAND software.
Supplementary Figure 1E shows the specificity of the anti-Esrrb
antibody used for ChIP and Supplementary Figure 1F show the
enrichment of the Esrrb tags relative to the TSS.

ITRAQ
Nuclear protein samples were prepared using a previously
described method (Hsu and Hung, 2007; Supplementary
Figure 1G). Proteomic measurements were performed as follows.
Samples from the four time points (day 0, and days 1, 3,
and 5 after Dox removal) were labeled using eight channel
isobaric tagging reagents [isobaric tag for relative and absolute
quantification (iTRAQ), Applied Biosystems] according to the
published protocol (Unwin et al., 2010). Data analyses were
performed using ProteinPilot v3 software (AB Sciex). Only
proteins detected with a minimum of two or more high-
scoring spectra (likelihood p-value < 0.005) were accepted. The
combined search results led to a set of 1790 high-confidence
protein identifications (Supplementary Figures 1H,I).

RESULTS

Meta-Analysis of Global Molecular
Changes Resulting From Esrrb Removal
In order to explore the function of Esrrb and the Nanog/Esrrb
module we analyzed genome wide epigenetic, transcriptional and
post-transcriptional processes regulated by Esrrb. For this study,
we utilized a lentiviral/shRNA-based genetic complementation
system to deplete Esrrb under serum/Lif conditions (Ivanova
et al., 2006; Lee et al., 2012; Figure 1A and see Supplementary
Figures 1A–D for controls of the differentiation process). We
measured temporal changes for five regulatory layers (Figure 1B)
including: (1) mRNA levels (microarrays), (2) promoter DNA

methylation patterns (HpaII tiny fragment Enrichment by
Ligation-mediated PCR, HELP-assay) (Khulan et al., 2006),
(3) nuclear proteins (isobaric tag mass spectrometry, iTRAQ)
(Unwin et al., 2010), (4) genome-wide H3K4me3 (chromatin
immunoprecipitation coupled with DNA sequencing, ChIP-seq),
and (5) genome wide H3K27me3 ChIP-seq modification levels.
We also identified (6) direct Esrrb target genes (ChIP-seq)
(Supplementary Figures 1E,F). Analyses 1–5 were performed
at days 0, 1, 3, and 5 after depletion of Esrrb while analysis
6 was only performed at day 0. To obtain an integrated,
multi-dimensional view of global regulatory changes triggered
by the loss of Esrrb we have constructed a co-expression
multi-omics network based on changes observed relative to
day 0 for each regulatory layer: transcriptome, proteome,
methylome, H3K4me3, and H3K27me3 (details in Supplemental
Experimental Procedures and Supplementary Table 1). Results
of the integrative analysis through a co-expression distance
matrix across all five regulatory layers during the 5 day time
course (Figure 1B) are shown in the Figure 2 using Cytoscape
tools (Otasek et al., 2019), whereas visualization of the dynamic
changes in the network for each regulatory layer are shown in
Supplementary Movie 1 and Supplementary Figure 2 using the
GATE software (Macarthur et al., 2009).

Interestingly, using Cytoscape (Otasek et al., 2019) we
obtained a co-expression multi-omics network across the
different regulatory layers with a cut-off of p < 10−6,
which contained two major clusters; one where there is high
representation of pluripotency genes (cluster A) and another
highly represented by differentiated genes (cluster B) according
to the Embryonic Stem Cell Atlas from Pluripotency Evidence
(ESCAPE) database (Xu et al., 2013). Analyses of cluster A
(Figure 2A) and its highly interconnected core (Figure 2D)
revealed significant downregulation of the essential components
of the core pluripotency network (Figure 2L). The core network
contains the major pluripotency factors Oct4 and Sox2 closely
linked to the other established pluripotency factors such as
Krr1 (You et al., 2015), Dppa2 and Dppa4 (Hernandez et al.,
2018), and Zscan10 (Yu et al., 2009), a known transcriptional
regulator of Oct4.

Most genes within the identified Oct4-Sox2 network module,
remarkably displayed similar dynamics across all molecular layers
(Figures 2H–K) showing tight coordination of pluripotency
genes across different epigenetic dimensions (or regulatory
layers) in the Oct4-Sox2 network. This strong correlation
suggests a possible mechanism of how cells maintain the
pluripotency state via direct positive feedback loops.

Analysis of the methylation patterns across the clusters
notably showed a greater number of genes associated with
dynamic changes toward a hypermethylated state in cluster
A represented by pluripotency genes than in cluster B are
represented by differentiation genes (Supplementary Figure 2
global promoter methylation layer over time and Supplementary
Movie 1). In contrast, higher numbers of genes in cluster B
were associated with the downregulation in H3K27me3 levels
(Figure 2C and Supplementary Figure 2 H3K27me3 layer and
Supplementary Movie 1). A clear example of this pattern was
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FIGURE 1 | Experimental strategy and data integration. (A) Schematic representation of transgenic construct used to deplete Esrrb in order to promote
differentiation of mESCs. Lentiviral vector for conditional expression of Esrrb is shown on the top (Ivanova et al., 2006). Endogenous Esrrb is depleted with short
hairpin (sh) RNA and complemented by shRNA “immune” version of Esrrb expressed in a doxycycline (Dox)-dependent manner. Removal of Dox results in
downregulation of the exogenous Esrrb leading to differentiation. FLAP is a nucleotide segment that improves transduction efficiency; hH1P-Esrrb is the endogenous
Esrrb specific shRNA cassette (in blue); pTRE-Esrrb is GFP-tagged exogenous Esrrb cassette (in green); WRE is the woodchuck hepatitis virus post-transcriptional
regulatory element. (B) Experimental time course, analyzed data types and data integration strategy. At the initial day 0 time point, Esrrb is expressed in the presence
of Dox; at day 1, 3, and 5 time points Esrrb is downregulated following removal of Dox. Each data type (epigenetic, transcriptional, mRNA, and proteomic) is
collected at each time point and integrated into a single multi-dimensional time-series data set (See also Supplementary Figure 1 for time series controls).

found within the core network, extracted from the pluripotency
cluster based on the known pluripotency markers (Figure 2D).
In this network, genes linked to the Oct4-Sox2 domain (Pou5f1,
Dppa4, Rnf125, Zscan10, and Krr1) were also associated with
changes in promoter methylation, but not with changes in
H3K27me3 levels (Figure 2J and Supplementary Figure 3A).
This suggests that promoter methylation could be the immediate
response for shutting-down pluripotency genes as the majority
of the gene promoter’s, transit from a hypomethylated state
toward a hypermethylated state by day 5, especially in the
cluster A where we observed more genes related to pluripotency
(Supplementary Figure 2). A separate analysis of the global
methylome also corroborate that the majority of the gene’s
promoters (even higher fraction than in the case of Nanog
depletion) undergo transition towards a hypermethylated state
by day 5 (Supplementary Figure 3B). Pairwise analysis of
mRNA and protein level dynamics has shown high coherence
of mRNA and protein expression levels for most pluripotency

genes (Supplementary Figure 4A and Supplementary Movie 2).
A majority of Esrrb target genes were found to be associated
with cluster A (Figures 2B,D and Supplementary Table 2).
Gene Ontology (GO) analyses of the two clusters using Enrichr
(Kuleshov et al., 2016) showed enrichment for cytoskeleton, actin
binding and cell adhesion categories in cluster B. Enrichment
of Wnt signaling components was also evident in cluster B,
suggesting that depletion of Esrrb promotes the activation of this
pathway (Figures 2E–G).

Synergistic and Unique Functions of
Esrrb and Nanog in Pluripotency and
Differentiation
To characterize the specific roles of Esrrb and Nanog in
the pluripotency network, we constructed a co-expression
gene network (Otasek et al., 2019) based on our Esrrb and
previously published Nanog time-series depletion data for
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FIGURE 2 | Meta-analysis of differentiation reveals Oct4-Sox2 activation domain. (A) Co-expression network constructed from time-series data encompassing 1563
genes/gene-products and five types of dynamic measurements (levels of mRNA, protein, promoter DNA methylation, H3K4me3, and H3K27me3). Each node
represents a gene/gene product, and the edges connect those gene/gene products whose expressions are similar across the five regulatory layers analyzed. The
network shows the presence of two global clusters, cluster A represented by pluripotency genes (P = 4.6E-0.3) and cluster B represented by differentiating genes
(P = 2.6E-0.1) according to the ESCAPE database (Xu et al., 2013). Green dots represent well-known pluripotency gene/gene products and blue dots represent
differentiated gene/gene products, respectively as examples. (B) Distribution of Esrrb target genes in the network shows that the majority are localized in cluster A.

(Continued)
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FIGURE 2 | Continued
(C) Genes with changing promoter DNA methylation levels (green nodes) are highly represented in cluster A (Supplementary Figure 2 shows their change toward a
hypermethylated state by day 5). In contrast, genes with changing H3K27me3 levels (blue nodes) are preferentially localized cluster B (Supplementary Figure 2
shows the erase of this mark by day 5). (D) The largest interconnected subnetwork, containing pluripotency genes and their direct neighbors (see location of Pou5f1
cluster A in panel A). Pluripotency “seed” genes are represented by large circles, direct Esrrb targets are in red and a hit from a high-content shRNA screen is in blue.
Oct4 occupies the central position in the network with the majority of Esrrb target genes as close neighbors. (E–G) Distribution of selected GO terms in cluster A and
cluster B. Only GO terms significantly enriched in each of the two clusters were considered using the gene set enrichment web server Enrichr (Kuleshov et al., 2016).
Genes present in cluster B show enrichment in cytoskeleton, actin binding, cell adhesion, and Wnt signaling categories. (H–K) Dynamic expression profiles for
gene/gene-products included in the network (D). Four types of data (mRNA, protein, promoter DNA methylation, and H3K4me3) are shown. Dynamic changes
within each regulatory layer are in good agreement among all genes. (L) Validation of predicted expression levels for Rnf125, Zscan10, Dppa2, Krr1; gene expression
changes were measured by qRT-PCR. All data are represented as mean ± SD; n = 3 and p < 0.05 (one-way ANOVA and Bonferroni’s post-test). ∗∗P < 0.01,
∗∗∗P < 0.001.

transcriptome (Lu et al., 2009) and identified clusters with
characteristic expression and TF binding properties (Figure 3A,
Supplementary Movie 3, and Supplementary Table 3). Given
that many genes in the integrated Esrrb-Nanog data set (1615
significantly changing genes) were targets of more than one TF,
we included in the analyses the in vivo binding patterns of the
four master pluripotency regulators (Oct4, Sox2, Nanog, and
Esrrb) (Chen et al., 2008; Kim et al., 2008; Marson et al., 2008).

The co-expression network based on the Nanog and Esrrb
gene expression changes revealed eight major clusters. Based
on the distribution of pluripotency markers (Figure 3A, genes
marked in red across the different clusters), cluster 1 contained
mostly pluripotency genes based on the ESCAPE database (Xu
et al., 2013). Genes in this cluster were strongly downregulated
in response to depletion of either Esrrb or Nanog. Analysis of
TF binding has shown that most genes in cluster 1 are targets of
all four major pluripotency TFs (Esrrb, Nanog, Oct4, and Sox2,
see the box “cluster 1” in the Figure 3A). In contrast, cluster
3 represents differentiation-specific genes upregulated by day 5;
genes in clusters 1 and 3 respond to both Esrrb and Nanog
depletion in a coherent manner. However, it is interesting to note
that the average TF binding pattern in cluster 3 is largely opposite
to that in the pluripotency cluster 1. Targets of Esrrb, Oct4 and
Sox2 are underrepresented in cluster 3 (see box labeled cluster
3), while targets of Nanog are slightly overrepresented. This
suggests that Nanog has a major repressive function when bound
to many differentiation genes. This fact was also revealed when
we performed the analysis of promoter methylation for both
Nanog an Esrrb knockdown time-series. In the case of Nanog
removal, we observed more genes losing promoter methylation
marks (hypomethylation) than in the case of Esrrb removal
(Supplementary Figure 3B and Supplementary Table 4). Cluster
2 is the most interesting because it contains genes that are
conversely expressed after depletion of Nanog or Esrrb; thereby
illustrating specific functions for the two pluripotency regulators.
According to the averaged expression profiles, many genes in
this group are activated by Esrrb and repressed by Nanog (but
not vice versa). The TF binding profiles in cluster 2 show
moderate over representation of all pluripotency TFs, with the
exception of Oct4.

Interestingly, the Fgf signaling pathway receptor Fgfr2, was
identified among the genes that are conversely expressed after
depletion of Esrrb or Nanog (cluster 2). Genomic regions at Fgfr2
promoter contain binding sites for all four TFs considered in this
study (Esrrb, Nanog, Oct4, and Sox2).

Further inspection of the co-expression map revealed that
genes in cluster 4 are downregulated only in the absence of
Esrrb but are mainly regulated by Oct4 strengthening a close
interaction between Esrrb and Oct4 in the regulation of this
subset of genes. Cluster 5 contains genes upregulated in the
absence of Esrrb, which are mostly regulated by Oct4, Sox2, and
Nanog but not by Esrrb. In contrast, cluster 6 represents genes
upregulated upon removal of Esrrb that are targeted largely by
Esrrb itself. This shows that Esrrb not only plays a role as a major
pluripotency factor but also has important functions during late
differentiation. Finally, clusters 7 and 8 contain genes selectively
responding to Nanog, but not Esrrb depletion; genes outside the
eight co-expression clusters show no responses to depletion of
Esrrb or Nanog and no significant binding by the pluripotency
TFs (data not shown). Figure 3B shows experimental RT-qPCR
validation of some pluripotency genes as well as some genes that
respond to depletion of Esrrb or Nanog.

Predicted Properties of Network Motifs
Linking Esrrb and Nanog With Their
Targets
Since we observed that, many genes coherently respond to
both Esrrb and Nanog upon an external stimulus (Doxycycline
removal), we focused our analysis on exploring potential FFL
motif types linking these two regulators, as these kind of motifs
need a respond to external stimuli. FFL motifs commonly occur
in biological networks and play important functions in many
regulatory pathways (Shen-Orr et al., 2002; Mangan and Alon,
2003; Goentoro et al., 2009; Papatsenko and Levine, 2011). Each
FFL has a unidirectional structure consisting of three nodes: an
upstream regulator X that regulates a downstream regulator Y,
which in turn regulates a downstream target Z. An additional
edge is directed from X to Z, thus closing a unidirectional
“loop” (Figure 4B). Each interaction can be suppressing or
activating, resulting in eight distinct FFL structures (Mangan and
Alon, 2003). Here we have considered FFLs incorporating Esrrb
(X), Nanog (Y), and their potential target genes (Z). Analysis
of transcriptional changes classified in fast, middle, and slow
responses upon depletion of Esrrb or Nanog showed 2 different
structural types of FFL motifs, the coherent type I FFL (C1-
FFL) and the coherent type 3 FFL(C3-FFL) from the possible
eight types when either Esrrb or Nanog is knockdown (Mangan
and Alon, 2003; Figure 4A). Interestingly, coherent FFLs of
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FIGURE 3 | Co-expression map for gene responses to depletion of Nanog or Esrrb. (A) Co-expression network based on time-series data collected after Nanog or
Esrrb downregulation. Nodes in the network are color-coded according to the identified co-expression clusters; large nodes in red mark pluripotency genes, while
large nodes in dark blue mark differentiation genes according to the ESCAPE database (Xu et al., 2013) (gene names from each specific cluster are shown in
Supplementary Table 3). Boxes next to each co-expression cluster show as line plots, the normalized (z-score) average expression profiles across all genes within
the cluster over the time series. Histograms in the bottom of the boxes, show the z-score average TF binding profiles for the clustered genes. The histogram
compares the fraction of known ChIP targets for a given TF in a cluster versus that expected based on entire genome. (x2 = 0 when the observed and expected
values are equal) (T-value higher than 1 means the difference is significative.) Three disconnected network domains correspond to genes with changing expression in
both Nanog and Esrrb datasets (clusters 1–3), genes with changing expression only in the Esrrb dataset (clusters 4–6) and genes with changing expression only in
the Nanog dataset (clusters 7 and 8). (B) Experimental validation of gene responses predicted from panel (A). Expression levels of Oct4, Sox2, Fgfr2, and Gli2
measured by qRT-PCR. All data are represented as mean ± SD; n = 3 and p < 0.05 (one-way ANOVA and Bonferroni’s post-test). ∗P < 0.05, ∗∗P < 0.01 and
∗∗∗P < 0.001.

types 1 (C1-FFL) and 3 (C3-FFL) account for regulation of the
majority (81%) of the Esrrb-Nanog target genes (Figures 4A,B)
and all genes presented a decay or growth in expression in a
slow time scale.

One interesting property of the coherent FFLs is delay to
upstream stimuli. If expression of a downstream target gene
(Z) requires expression of both upstream regulators (X, Y) but
only one of the two responds to an input signal (Doxycycline),
the expression of the second regulator causes an expression
delay or a slow response (Mangan and Alon, 2003).This effect is
shown schematically in Figure 4B. In this context, the “signal”
(removal of Doxycycline) causes the downregulation of Esrrb
or Nanog expression respectively in each time course where

either the Esrrb-R or the Nanog-R rescue clone were used, and
dynamics of genes downstream of Esrrb and Nanog provided a
measurable “response” from which putative regulatory logic can
be inferred. Notably, as Nanog levels are not completely abolish
upon Esrrb depletion (Figure 4C), this implies a certain delay
in the downregulation of Esrrb-Nanog target genes (Figure 4A).
This delayed response, for a certain group of genes, is what we
observed in each time series experiments with either (Esrrb-
R) or (Nanog-R) cell lines, which is characteristic of coherent
FFL regulation with an “OR” logic when the input signal is off
(Mangan and Alon, 2003).

Experimental validation of the delayed or slow predicted
responses from genes of the C1-FFL1 type was carried out using
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FIGURE 4 | Predicted time delay responses in the Esrrb-Nanog domain. (A) Hierarchical clustering of expression changes of Esrrb and Nanog targets during both
downregulation time courses. The black, gray and white map on the right show’s classification of the target gene responses as fast, medium or slow, respectively;
the fourth and fifth columns mark direct targets of Oct4 and/or Sox2, respectively. (B) Structure of the coherent type 1 (C1-FFL) and type 3 (C3-FFL) feed-forward
loops with an OR logic. Transcription factor X regulates transcription factor Y, and both regulate a target gene, Z. Sx is the inducer signal that can be ON or OFF.
Graph of the time delay response of FFL to the OFF inducer signal step (C) Gene expression levels measured by qRT-PCR of Esrrb (upper graph) and Nanog (lower
graph) following Esrrb (red graph) or Nanog (blue graph) depletion. All data are represented as mean ± SD; n = 3 and p < 0.05 (one-way ANOVA and Bonferroni’s
post-test). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. (D) Experimental validation of the delayed or “slow” predicted responses for the C1-FFL. Expression levels of,
Trim25 and Sumo3 measured by qRT-PCR following Esrrb depletion (red graph) or Nanog depletion (blue graph). All data are represented as mean ± SD; n = 3 and
p < 0.05 (one-way ANOVA and Bonferroni’s post-test). ∗P < 0.05.
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RT-PCR (Figure 4D). The delayed or slow response effect can
be observed in the downregulation of the gene Sumo3 and
Trim25 (Figure 4D) in comparison with the dynamics observed
in other genes like Gli2 (Figure 3B), not participating in this
type of motif as only Esrrb binds its promoter but not Nanog
(Supplementary Table 2).

From this analysis we conclude that time delay responses
in the Esrrb-Nanog domain may provide a temporal window
necessary for network information processing and proper
response to signals incoming via Esrrb or Nanog.

Position of the Esrrb-Nanog Module in
the Transcription Regulatory Hierarchy
of mESC
Based on the Esrrb time course data from this study, we
explored the position of the Esrrb/Nanog module within the
mESC PGRN. To account for a hierarchical model that governs
the pluripotent state we integrated data from the present study
with retrieved genomic binding data (Chen et al., 2008; Kim
et al., 2008; Marson et al., 2008; Martello et al., 2012) and
expression data after depletion of the main pluripotency TFs
Oct4 (Ivanova et al., 2006; Loh et al., 2006; Matoba et al.,
2006), Sox2 (Ivanova et al., 2006), Nanog (Ivanova et al., 2006;
Loh et al., 2006; Lu et al., 2009; Macarthur et al., 2012),
and Esrrb (Ivanova et al., 2006; Feng et al., 2009; and the
present study). A Bayesian transcriptional network has been
reconstructed based on immediate responses (1 or 2 days)
following depletion of a given TF. Such analyses identified
genes that respond quickly to concentration changes of a
potential upstream regulator and thus, are more likely to
represent direct transcriptional targets. Supplementary Table 5
shows the most probable TF targets, ranked according to
the level of significance. From these data, high confidence
targets of Esrrb are Sox2 and Nanog occupying ranks 12
and 23 among all TFs (1578 murine TFs were taken into
account). This represents the 0.8 and 1.5% top percentiles,
respectively. Even more strikingly, Esrrb occupies rank 2 among
Nanog targets as well as among targets of Sox2. Among
Oct4 targets Esrrb occupies rank 25, higher than Sox2 (rank
64) and Nanog (rank 108). These data strongly supported
the existence of mutual interactions between Esrrb/Nanog
and Esrrb/Sox2 (Figure 5A). The overall architecture of the
reconstructed network suggests that Esrrb is tightly linked
to the other core pluripotency TFs and occupies the central
position in the transcriptional hierarchy. Esrrb is also close
to Nanog and Klf4, which appears to comprise the Nanog-
Esrrb module, responsible for the processing of incoming
external signals (Figure 5B). Interestingly, properties of this
structural domain are the time-delayed responses as we have
shown in Figure 4.

Several other key pluripotency factors were not found
among the immediate targets of the major core factors
(Oct4/Sox2/Nanog/Esrrb). For example, the Tcf3 repressor,
acting upstream of Nanog and Esrrb and mediating external
signals, such as Wnt was not found, thus supporting its possible
regulation by and alternative or independent network from the
one regulated by Oct4, Nanog, Esrrb, and Sox2 (not shown

in Figure 5). A second example is cMyc a TF expressed
in ESCs (Supplementary Table 5). This oncogenic TF is a
point of intersection between the pluripotency and the cancer
transcriptional networks (Kim et al., 2010).

Inspection of the reconstructed transcriptional mESC
hierarchy revealed downstream genes Sall4 and Lin28a, which
were alternatively regulated by the core TFs. These genes are
positively regulated by Oct4 (Sall4) and Sox2 (Lin28a) but
are negatively regulated by Nanog (Sall4 and Lin28a) and
Esrrb (Lin28a). This interesting mode of regulation, along
with the previously reported feedback link between Sall4 and
Oct4 (Buganim et al., 2012; Figure 5C) suggest these TFs
(Esrrb and Nanog) as candidates that trigger state switching of
the entire PGRN through a feedback regulatory mechanism.
Interestingly, the Oct4-Sox2 domain of the reconstructed
hierarchy matched the core network reconstructed from our
multi-omics analysis (compare Figures 2D, 5D); thus, suggesting
the existence of yet another structural network domain in the
pluripotency network.

Finally, we integrated mESC single cell expression
profiles into our hierarchical model (Figure 5E) to
compare with the whole population previously analyzed
(Figure 5A) and the results showed a high degree
of conservation. 78% of the activating or repressing
interactions were preserved.

DISCUSSION

The key events that yield cell fate decisions occur over time
as regulatory networks process biological information. In fact,
it is likely that actual changes in cell phenotype may be
emergent properties of collective network dynamics (Lu et al.,
2009; Kim et al., 2020). Network dynamics and network-
mediated information processing remain largely unexplored in
most biological systems. Here, we apply an integrated multi-
level and temporal experimental/computational approach for
dynamic network analyses. We acquire and integrate epigenetic,
mRNA and protein datasets from mESCs undergoing cell fate
changes in response to a single, well-defined perturbation,
the shRNA-mediated depletion of Esrrb, a key pluripotency
TF. Our studies provide a comprehensive view of biological
information processing mechanisms as pluripotent stem cells exit
the pluripotency state.

Analysis of the dynamic changes in gene product levels and
epigenetic modifications revealed two major clusters suggesting
two major states of the regulatory mESC gene network
in the presence of serum plus Lif conditions (Figure 2A).
Genes in the first cluster are shut down upon the exit from
pluripotency, while genes in the second cluster are activated
upon differentiation. More complex patterns of behavior (e.g.,
intermediate transition states) were not detected; however, the
differentiation cluster contains certain sub clusters, potentially
reflecting the presence of alternatively differentiating cell
lineages (Figures 2E–G).

The integrated multi-omic analyses based on co-expression
among the regulatory layers suggest that different epigenetic
levels contribute unequally to the exit from pluripotency and
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FIGURE 5 | Hierarchy of pluripotency gene networks. (A) A Bayesian pluripotency network constructed based on knockdown (and/or knockout) differentiation
studies in combination with in vivo TF binding analyses (Supplementary Table 5, fraction of predicted targets is shown). The red arrows show activating and the
blue arrows show repressive links between the genes. Edge thickness represents the level of experimental support based on all analyzed independent data sources
(Supplementary Table 5). Esrrb is tightly linked with other core pluripotency factors, including Nanog and Sox2. (B–D) Emerging information-processing circuits in
the context of the gene network shown in (A). (B) Nanog-Esrrb module, responsible for interpretation and processing external signals, such as Gsk3/Tcf signaling,
targeting Esrrb and Nanog, or Lif signaling targeting Nanog and Klfs (Lif is not shown), Klf4 is shown on the panel (A). The Nanog-Esrrb module largely contains
multiple coherent feed-forward loops. (C) Feedback control circuits, such as Oct4-Nanog-Sall4 (see the panel A) are responsible for controlling Oct4 concentration
by the downstream pluripotency genes (shown in a box); largely represented by incoherent feed-forward loops with a feedback. Oct4 regulation by Sall4 is
suggested by several recent studies (Buganim et al., 2012). (D) Pluripotency maintenance unit, Oct4 and Sox2 synergistically activate most of pluripotency genes,
this unit also consists of coherent feed-forward loops. (E) Bayesian pluripotency network based on single cell data in combination with in vivo TF binding analyses.
The red arrows show activating and the blue arrows show repressive links between the genes. Gray arrows depict absent connections with respect to the whole cell
population network from Figure 5A. Cdx1 was not analyzed in the single cell data.
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initiation of differentiation. Specifically, dynamic changes
in the promoter methylation were tightly associated with
the core of the pluripotency cluster, suggesting this is the
major mechanism for shutting-down pluripotency genes
(Figure 2C). In contrast, dynamic changes associated with
the repressive H3K27me3 histone methylation mark were
largely observed in the differentiation cluster but not the
pluripotency cluster. Although this observation might reflect
the abundance of CpG rich domains at promoters, it is
also possible that the alternative levels of regulation are
respectively more effective in erasing epigenetic memory and
facilitating alternative cell fate commitment directions upon
exiting pluripotency.

Overall, the data suggests tight functional linkage between
Esrrb and Nanog TFs (Figure 4A), which might be essential
for processing external and internal signals. Network
reconstruction studies also support the existence of the
Esrrb-Nanog domain in the context of the pluripotency
network (Figure 5B).

Based on integrative analysis of multiple knockdown studies
and in vivo binding assays, we constructed a hierarchical
model describing interactions between the major TFs upon
differentiation (Figure 5). Major features of the established
hierarchy included close linkage between the Esrrb and Nanog
and the presence of incoherent feed forward loops (iFFL),
incorporating the major core pluripotency factors and some of
their target genes. Both Nanog and Esrrb were found to be the
parts of a BPL targeting Lin28a, Nanog was a part of FFL targeting
Sall4 (Figure 5C).

Such incoherent FFLs and BPLs are known to be broadly
involved in developmental pattern formation, cell fate
specification and many other biological processes, which
require switching of gene activity states and establishing
threshold concentrations.

Another interesting feature found in our reconstructed
hierarchy network is a noticeable functional difference between
the Esrrb-Nanog and Oct4-Sox2 network domains. The former
pair is involved in both activation and repression (Figure 5B,
blue and red arrows), while the latter serves mainly as a pair
of activators (Figure 5D, red arrows). The “general” activation
functions of the Oct4-Sox2 pair seem to maintain the expression
of pluripotency genes, while the functions of Esrrb-Nanog
pair more likely contribute to information processing and
decision-making.

This presence of the Oct4-Sox2 and Esrrb-Nanog modules
is also supported by systematic knockdown studies of 100 TFs
(KD-100) in mESC where the Oct4-Sox2 module maintains
pluripotency and prevents extraembryonic fates while Nanog-
Esrrb and SallL4 coordinate different signal processes preventing
cell fate differentiation (Nishiyama et al., 2013). In particular,
Sall4 plays a clear feedback control in the pluripotency
maintenance as there is evidence that Sall4 is not only regulated
by the core factors it also provides feedback control to the system
by regulating Oct4 (Figure 5C; Yang et al., 2010).

Finally, to validate our hierarchical model at the single cell
level, we analyzed single cell gene expression profiles of mESCs
(Papatsenko et al., 2015). To our surprise, 78% of the interactions

observed in the cell population were maintained at the single cell
level (see Figure 5E).

It has been shown that iPSC reprogramming is a stochastic
process where early expression of Esrrb, Utf1, Lin28, and
Dppa2 are good predictors for cells that will eventually yield
fully reprogrammed iPSCs, expressing high levels of Oct4 and
Sox2 (Buganim et al., 2012, 2014). To a certain degree, the
reprogramming process is opposite (reversed) to differentiation;
therefore, one may expect that the reprogramming hierarchy
would be opposite to that in differentiation. Indeed, factors
predicting successful iPSC reprogramming occupy lower
positions in our hierarchical network, while the core factor
Oct4 occupies the highest position. Such comparison of the
differentiation and the reprogramming networks suggests a high
degree of flexibility of the pluripotency network and its potential
for dynamic rewiring.

CONCLUSION

In summary, our results suggest flexibility in the architecture
of the pluripotency network incorporating at least two
large network domains (Esrrb-Nanog and Oct4-Sox2)
and numerous feed-forward as well as feedback regulatory
interconnections that collectively control cell fate transitions in
pluripotent stem cells.
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Differential Expression of Insulin-Like
Growth Factor 1 and Wnt Family
Member 4 Correlates With Functional
Heterogeneity of Human Dermal
Fibroblasts
Oliver J. Culley1†, Blaise Louis1†, Christina Philippeos1†, Bénédicte Oulès1†,
Matthieu Tihy1†, Joe M. Segal1†, Della Hyliands2†, Gail Jenkins2†, Ranjit K. Bhogal2†,
Richard C. Siow3† and Fiona M. Watt1*†

1 Centre for Stem Cells and Regenerative Medicine, King’s College London, Guy’s Hospital, London, United Kingdom,
2 Unilever R&D Colworth, Colworth Science Park, Bedford, United Kingdom, 3 Cardiovascular Division, Faculty of Life
Sciences and Medicine, King’s College London, London, United Kingdom

Although human dermis contains distinct fibroblast subpopulations, the functional
heterogeneity of fibroblast lines from different donors is under-appreciated. We identified
one commercially sourced fibroblast line (c64a) that failed to express α-smooth muscle
actin (α-SMA), a marker linked to fibroblast contractility, even when treated with
transforming growth factor-β1 (TGF-β1). Gene expression profiling identified insulin-
like growth factor 1 (IGF1) as being expressed more highly, and Asporin (ASPN) and
Wnt family member 4 (WNT4) expressed at lower levels, in c64a fibroblasts compared
to three fibroblast lines that had been generated in-house, independent of TGF-β1
treatment. TGF-β1 increased expression of C-X-C motif chemokine ligand 1 (CXCL1) in
c64a cells to a greater extent than in the other lines. The c64a gene expression profile did
not correspond to any dermal fibroblast subpopulation identified by single-cell RNAseq
of freshly isolated human skin cells. In skin reconstitution assays, c64a fibroblasts did
not support epidermal stratification as effectively as other lines tested. In fibroblast
lines generated in-house, shRNA-mediated knockdown of IGF1 increased α-SMA
expression without affecting epidermal stratification. Conversely, WNT4 knockdown had
no consistent effect on α-SMA expression, but increased the ability of fibroblasts to
support epidermal stratification. Thus, by comparing the properties of different lines of
cultured dermal fibroblasts, we have identified IGF1 and WNT4 as candidate mediators
of two distinct dermal functions: myofibroblast formation and epidermal maintenance.

Keywords: skin, fibroblasts, signalling, epidermis, cell culture, IGF1, WNT4, α-SMA

INTRODUCTION

Mammalian dermis contains fibroblasts that arise from different developmental lineages and
have different functions (Sorrell and Caplan, 2004; Driskell et al., 2013; Rinkevich et al., 2015;
Lichtenberger et al., 2016; Lynch and Watt, 2018; Philippeos et al., 2018; Shook et al., 2018; Tabib
et al., 2018; Guerrero-Juarez et al., 2019; Korosec et al., 2019). In mouse dorsal skin, there are at least
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three distinct lineages, giving rise to the Sox2+ dermal papillae
of awl/auchene hair follicles and the cells of the upper and
lower dermis (Driskell et al., 2013; Rognoni and Watt, 2018).
The upper lineage gives rise to Sox2- dermal papillae, arrector
pili muscles, and papillary fibroblasts, while the lower lineage
forms the reticular dermis and dermal adipocytes. The upper
dermal lineage is required for epidermal maintenance and hair
follicle reconstitution, while the lower dermal lineage is the first to
repopulate full thickness wounds and gives rise to cells expressing
α-smooth muscle actin (α-SMA).

Attempts to define human skin fibroblast subpopulations
based on mouse–human conservation of specific cell surface
markers have met with limited success, despite conservation
of specific gene signatures characteristic of Wnt signalling,
cytokine signalling, and extracellular matrix (ECM) remodelling
(Philippeos et al., 2018). Single-cell RNAseq of fibroblasts isolated
directly from human dermis has yielded markers of different
fibroblasts (Philippeos et al., 2018; Tabib et al., 2018; Guerrero-
Juarez et al., 2019; Solé-Boldo et al., 2020; Reynolds et al.,
2021). While some of the cell surface markers that distinguish
fibroblasts in vivo can be used to select subpopulations by
flow cytometry, the expression of the markers is often rapidly
decreased in culture. Nevertheless, in both mouse and human,
there is evidence that the distinct functionality of different
fibroblast subsets can be preserved following expansion in culture
(Driskell et al., 2011, 2012, 2013; Fujiwara et al., 2011; Philippeos
et al., 2018).

Unfractionated dermal fibroblasts, expanded in culture, have
been injected into patients for potential therapeutic applications,
including wound healing, scar repair, and alleviation of
Recessive Dystrophic Epidermolysis Bullosa (Petrof et al., 2013;
Rashidghamat and McGrath, 2017; Bajouri et al., 2020). For
some indications, injection of specific fibroblast subsets could
be beneficial (Lynch and Watt, 2018): for example, papillary
fibroblasts would be expected to support epidermal maintenance,
while reticular fibroblasts would maintain the hypodermis.
However, the properties of both normal and cancer cells change
over time in culture, with selective outgrowth of cells with
dominant characteristics (Hughes et al., 2007; Ben-David et al.,
2019). This led us to explore whether commercial fibroblast lines
cultured from different donors might differ in functionality and,
if so, whether underlying differences in gene expression might
account for functional differences.

MATERIALS AND METHODS

Human Tissue
Full thickness surgical waste skin from healthy adult volunteers
was obtained with appropriate ethical approval (REC
14/NS/1073) from the Department of Plastic and Reconstructive
Surgery, St George’s Hospital, London.

Cell Culture
Normal human dermal fibroblasts (NHDF) were either isolated
directly from surgical waste skin as described previously
(Philippeos et al., 2018) or purchased, cryopreserved at passage

2, from PromoCell (C-12302). Supplementary Table 1 lists all of
the fibroblasts studied. The selection of particular in-house lines
for specific experiments was based on two criteria: availability
of the lines at the time when the commercial cells were being
characterised; and matching commercial and in-house lines in
terms of passage number and age of donor.

The PromoCell lines were generated from fibroblasts
that had been flow sorted for CD90 expression prior to
plating. The PromoCell lines were from donors aged 19y
(NHDF-c19, Lot: 4032503.1), 24y (NHDF-c24, Lot: 4081903.2),
64y (NHDF-c64a, Lot: 4012203.1), or 64y (NHDF-c64b,
Lot: 3102301.3). Human keratinocytes (Km strain) from
neonatal foreskin were isolated and cultured on a 3T3 J2
feeder layer as described previously (Philippeos et al., 2018).
The culture conditions are described in Supplementary
Materials and Methods.

STR profiles (Supplementary Table 2) were generated for
the commercial fibroblast lines and the in-house lines used in
the microarrays using PowerPlex assays (Promega; performed
by Source BioScience, Nottingham, United Kingdom). The
following loci were tested: AMEL, CSF1PO, D13S317, D16S539,
D18S51, D21S11, D3S1358, D5S818, D7S820, D8S1179, FGA,
Penta D, Penta E, TH01, TPOX, and vWA.

RNA Extraction and qPCR
RNA was isolated using the RNeasy mini kit (Qiagen). The
QuantiTect reverse transcription kit (Qiagen) was used to
generate cDNA. cDNA was loaded into quadruplicate wells
of a 384-well PCR plate (Bio-Rad). Reactions were run using
TaqMan fast universal PCR master mix and TaqMan qPCR gene
expression probes. Results are presented as quantitation cycle
(Cq) values normalised using reference gene Cq values and
displayed as 1Cq or 11Cq expression (Livak and Schmittgen,
2001). The TaqMan assays are listed in Supplementary Table 3.

Agilent Gene Expression Microarray and
Fluidigm 96:96 TaqMan qPCR
Normal human dermal fibroblasts were seeded into six-
well microplates at 40,000 cells/well. NHDF-F22Br (female
22y breast skin), M50F (male 50y face skin), F60Br (female
60y breast skin), and PromoCell NHDF-c64a were cultured
in complete DMEM for 4 days. NHDF were equilibrated
in low (1%) serum DMEM for 24 h and treated with or
without transforming growth factor-β1 (TGF-β1) (10 ng/ml)
in low serum DMEM for a further 12 or 24 h. Cells were
lysed and RNA was extracted using the RNeasy mini kit
protocol. RNA concentration and integrity were measured
using a Bioanalyser 2100 (Agilent) and RNA 6000 Nano kit
(Agilent) according to the manufacturer’s instructions. The
one-colour Quick-Amp labelling kit (Agilent) was used to
derive cyanine 3-cytidine triphosphate (Cy3-CTP) labelled
cRNA, and the spike-in kit (Agilent) was used to monitor
sample amplification and labelling efficiency. RNA was
converted to cDNA using the cDNA mix kit (Quick-Amp).
See Supplementary Materials and Methods for hybridisation
and analysis protocols.
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Computational Analysis
The single-cell RNA sequencing dataset from Tabib et al. (2018)
was reanalysed using R1 and the “simpleSingleCell” package
(Lun et al., 2016).

shRNA-Based Gene Knockdown
One control shRNA plasmid (Sigma–Aldrich, SHC016-1EA), and
four target shRNA plasmids (Sigma–Aldrich) were commercially
sourced and purified using the Nucleobond Xtra midi plus
EF kit (Thermo Scientific). Plasmids were introduced into
HEK293 cells using jetPRIME transfection reagent (Polyplus
Transfection). After 48 h, the medium was passed through a
0.45-µm filter (Corning), mixed with 1X Lenti-X concentrator
(Clontech Laboratories), and stored at 4◦C for 48 h. NHDF
were transduced in polybrene (1:1000; Sigma–Aldrich) for 16 h,
cultured in complete DMEM (DMEM supplemented with 10%
FBS, 450 µg/ml L-glutamine, 100 U/ml penicillin, and 100 µg/ml
streptomycin) for 8 h and then selected in 1 µg/ml puromycin
(Thermo Scientific) for 3 days.

Skin Reconstitution on De-Epidermised
Dermis (DED)
The epidermis was removed from pieces of surgical waste skin
and discarded. The dermis was subjected to repeated freeze-thaw
cycles followed by gamma irradiation, as described previously
(Philippeos et al., 2018). De-epidermised dermis (DED) was
placed in six-well microplate Millicell hanging inserts (Millipore).
5 × 105 NHDF were resuspended in 30 µl complete DMEM and
injected into the upper dermis using a 0.3 ml insulin syringe and
needle (Becton Dickinson). NHDF-containing DED was cultured
submerged in 3 ml/well complete DMEM for 24 h. 1 × 106

keratinocytes (strain Km) were resuspended in 30 µl complete
FAD, seeded onto the DED, and cultured in 2 ml/well complete
FAD above the air–liquid interface for 2 weeks. The histological
analysis is described in Supplementary Materials and Methods.

Data Availability
Datasets related to this article can be found in the Gene
Expression Omnibus2, hosted by National Center for
Biotechnology Information, under accession number:
GSE140962.

RESULTS

Identification of a Human Fibroblast Line
That Does Not Express α-SMA in Culture
Four strains of commercially sourced (PromoCell) adult, NHDF
were compared: c19, c24, c64a, and c64b (numbers refer to
age of each donor). These cells had been isolated based on
expression of the pan-fibroblast marker cluster of differentiation
(CD)90 (THY1; Hagood et al., 2005; Hu and Barker, 2019)
and were studied between passages 6 and 10. Cells from

1https://www.r-project.org/
2https://www.ncbi.nlm.nih.gov/geo/

this commercial supplier have been injected into patients and
evaluated therapeutically (Petrof et al., 2013).

We used a high content imaging system (Operetta, Perkin
Elmer) to phenotype the lines (Supplementary Figure 1). Cells
were cultured under standard conditions [DMEM with 10%
fetal bovine serum (FBS)], followed by low (1%) serum DMEM
(24 h serum-starved) alone or in combination with TGF-β1. The
rationale for the switch to low serum was that FBS not only
contains high levels of latent TGF-β1 (Oida and Weiner, 2010)
but contains a range of mitogens that could mask the stimulatory
effect of TGF-β1 on proliferation. Cells were also treated with
TGF-β1 together with the inhibitor RepSox, which targets ALK5
and thus blocks the Activin/BMP/TGF-β pathway (Ichida et al.,
2009). Figure 1 shows data from three biological replicates; each
individual experiment from Figure 1 is shown in Supplementary
Figures 2A–L. The statistical analysis in Figure 1 compares each
cell line individually to c64a under the same conditions (hash
signs) and control (untreated) versus treatment for each line
(asterisks). One cell line, c64a, showed reduced cell number under
control conditions or when treated with RepSox or RepSox and
TGF-β1 (Figure 1A). We speculate that this reflects reduced cell
adhesiveness on plating compared to the other lines.

Consistent with earlier studies (Clark et al., 1997; Liu
et al., 2012), TGF-β1 treatment resulted in a modest increase
in EdU incorporation in all cell lines, which was not
statistically significant when biological replicates were combined
(Figure 1C), but was significant in the case of at least one cell line
in each individual experiment (Supplementary Figures 2A–L).
TGF-β1 treatment also led to a reduction in spindle-shaped
cells (Figure 1D). Fibroblasts tend to have a spindle/elongated
morphology whereas myofibroblasts are more highly spread and
round (Hinz et al., 2001). We trained the high content imaging
software to determine “spindle” vs “round” populations, based
on: morphology cell area (µm2); morphology cell roundness; and
morphology cell ratio width to length. The analysis pipeline is
presented in Supplementary Materials and Methods.

Three of the lines contained 10–20% α-SMA+ cells, regardless
of culture conditions (Figure 1B). In contrast, the c64a line
did not contain any α-SMA+ cells (Figure 1B) and had more
spindle-shaped shaped cells than the other cell lines following
TGF-β1 treatment (Figure 1D and Supplementary Figure 2).
α-SMA is expressed by myofibroblasts, which are associated with
cell and ECM contractility during normal wound healing and
abnormal collagen deposition in scarring and fibrosis (Grinnell,
1994; Hinz et al., 2001; Tomasek et al., 2002; Klingberg et al., 2014;
Lynch and Watt, 2018). There was a trend towards an increase in
α-SMA+ cells on treatment with TGF-β1, except in the case of
c64a cells (Figure 1B and Supplementary Figure 2). Figure 1E
illustrates the morphological appearance of the four cell lines.

Supplementary Figures 2M–P show a comparison of c24
and c64a cells—two of the commercial lines—with two non-
sorted lines generated in-house, F27Ab (from abdominal skin of a
female 27-year-old donor) and F48Ab (from abdominal skin of a
female 48-year-old donor). The data are from a single experiment
and the error bars therefore show technical rather than biological
replicates, in contrast to Figure 1. In Supplementary Figure 2,
the line with the highest α-SMA expression in the absence
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FIGURE 1 | NHDF phenotypes. NHDF lines were untreated, treated with TGF-β1 (10 ng/ml) and/or RepSox (25 µM) in DMEM containing 1% FBS and assayed for
cell number (A), differentiation (% α-SMA positive, B), proliferation (% EdU positive, C), and shape (% spindle-shaped, D). Fluorescence intensity was thresholded on
the maximum signal in unlabelled NHDF (B,C). Error bars represent SD of mean values in triplicate wells of three 96-well microplates (n = 3). Two-way ANOVA
comparing TGF-β1/RepSox treated versus own control NHDF (*), or c64a and different cell lines under the same condition (#) (A–D) (Tukey’s multiple comparisons
test; #p < 0.05, **,##p < 0.01, ***,###p < 0.001). (E) Representative images of PromoCell NHDF (c19, c24, c64a, and c64b) cultured in low (1%) serum DMEM.
(Left) Input image with NucBlue (blue) EdU (green), α-SMA (orange), and CellMask (red). (Right) Spindle-shaped (green) and non-spindle-shaped (red) cells. Cells on
the image border (grey) were excluded from analysis. Scale bar: 200 µm.

of TGF-β1, c24, showed a significant increase in response to
TGF-β1. Supplementary Figure 2 also shows that c64a α-SMA
expression was low compared to the two in-house lines, as well as
to the commercial lines in Figure 1B.

In conclusion, we have identified a commercial line of human
skin fibroblasts that did not express α-SMA even following TGF-
β1 treatment. This line therefore represents a unique tool with
which to explore fibroblast heterogeneity.

Fibroblast Gene Expression Profiling
To explore the characteristics of c64a cells in more depth, the gene
expression profile of the c64a line was compared with three non-
sorted fibroblast lines that were isolated in-house and assayed at
passage 7-10: F22Br (from breast skin of a female 22-year-old
donor), M50F (from facial skin of a male 50-year-old donor),
and F60Br (from breast skin of a female 60-year-old donor).
Cells were cultured in DMEM with 10% FBS for 4 days, then
transferred to low (1%) serum DMEM for 24 h, and treated
with or without TGF-β1 for a further 12 or 24 h prior to RNA
extraction.

Microarray data were generated from triplicate experiments.
Data from each experiment were normalised within experiments
using GeneSpring and analysed using RStudio. Supplementary
Table 4 shows the genes that were significantly up or
downregulated in all four fibroblast lines on TGF-β1 treatment.
A list of significantly differentially expressed genes in c64a cells

compared to the other cell lines (Supplementary Table 5) was
used to form heatmaps (Figure 2) as well as for Gene Ontology
(GO) terms and Ingenuity Pathway Analysis (IPA). Figure 2
shows genes whose expression was significantly (p < 0.05)
increased (red) or decreased (blue) with a log fold change (logFC)
of ±2 in c64a fibroblasts compared to the other lines in the
absence (Figure 2A) or presence (Figure 2B) of TGF-β1.

Supplementary Figure 3 shows the top 10 GO terms for
non-treated and TGF-β1-treated c64a cells compared with the
other cell lines, F22Br, M50F, and F60Br. In the case of non-
treated cells, the most significant processes that distinguished
c64a cells included those related to development, differentiation,
morphogenesis, and proliferation. Similar terms were found in
the GO terms for TGF-β1-treated cells, with the additional term
“Immune System Process.” c64a cells were selected by flow
cytometry on the basis of CD90 expression prior to culture,
whereas F22Br, M50F, and F60Br were not. Nevertheless, M50F
and c64a cells expressed similar levels of CD90 mRNA whether
cultured in the presence or absence of TGF-β1 (Supplementary
Figure 4).

When we compared the genes that were increased in
expression in all four lines in response to TGF-β1, the genes that
were more than fivefold increased were KN motif and ankyrin
repeat domains 4 (KANK4) and early growth response 2 (EGR2)
(Supplementary Table 4). KANK4 expression is associated with
fibroblast contractility (Haydont et al., 2019), which is stimulated
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FIGURE 2 | Clustering of genes differentially expressed in c64a fibroblasts. (A) 150 probes representing 140 differentially expressed genes at 12 or 24 h in low
serum DMEM. (B) 126 probes representing 115 differentially expressed genes after treatment with TGF-β1 for 12 or 24 h in low serum DMEM. LogFC ±2, adjusted
p < 0.05. Fibroblast lines were F22Br, M50F, F60Br, and PromoCell c64a. Code: Non-treated (C) or TGF-β1-treated (T) were analysed at 12 or 24 h in three
independent experiments (0, 1, 2 in A; 1, 2, 3 in B).

by TGF-β1 (Vallée and Lecarpentier, 2019), while EGR2 is a
known transcriptional target of TGF-β1 (Fang et al., 2011). These
observations suggest that the lack of α-SMA+ c64a cells was not
due to a defect in TGF-β1 responsiveness.

IPA (Supplementary Figure 5) shows the top network for
c64a differentially expressed genes under non-treated conditions
and following TGF-β1 treatment. ERK1/2 was at the centre of
the c64a specific signalling network in both cases. Under non-
treated conditions, there was significant downregulation of WNT
signalling, while when c64a cells were treated with TGF-β1,
there was notable upregulation of several chemokines, including
C-X-C motif chemokine ligand 1 (CXCL1)-3 and CXCL6.

In summary, by comparing the gene expression profiles of the
c64a line with three in-house fibroblast lines, we could conclude
that the unique properties of c64a cells did not reflect a defect in
TGF-β1 responsiveness and were unlikely to be due to selection of
c64a cells by CD90 expression prior to culture. These findings led
us to examine the differentially expressed genes in more detail.

Mapping of Differentially Expressed
Genes
The most highly differentially expressed genes in non-treated and
TGF-β1 treated c64a fibroblasts are shown in Supplementary
Table 5. Insulin-like growth factor 1 (IGF1) was the gene with
the greatest increase in expression, while Wnt family member
4 (WNT4) was one of the genes most decreased in expression
compared to other fibroblast lines, in the presence or absence
of TGF-β1. Asporin (ASPN) is an endogenous TGF-β1 inhibitor
that was significantly decreased in expression in both datasets.
CXCL1 expression increased in TGF-β1-treated c64a, but not
in the other lines, which is of interest given the differential
expression of chemokines in mouse and human fibroblast
subpopulations (Philippeos et al., 2018; Tabib et al., 2018).

To determine whether ASPN, CXCL1, IGF1, and WNT4 were
differentially expressed in human fibroblasts isolated directly

from skin, we mapped their expression onto the single cell
RNAseq dataset of Tabib et al. (2018). There was no single cluster
of freshly-isolated fibroblasts with the characteristics of high IGF1
and CXCL1 and low ASPN and WNT4 expression (Figure 3), and
the markers did not map specifically to the SFRP2 or FMO1/LSP1
fibroblast subsets described previously (Tabib et al., 2018). There
were very few WNT4+ fibroblasts, and they mapped to a distinct
population of CD90- fibroblasts (Figure 3). Other fibroblast
markers—DPP4 (CD26), ENTPD1 (CD39), CD36, and ACTA2
(α-SMA)—are shown for comparison. The α-SMA+ fibroblast
population lacked CXCL1, IGF1, and WNT4 expression, but
included some ASPN+ cells (Figure 3).

We conclude that the most highly differentially expressed
genes in c64a cells are ASPN, CXCL1, IGF1, and WNT4. These
markers do not define a distinct population of fibroblasts freshly
isolated from human skin but provide a tool for functional
analysis of the unique properties of c64a cells.

Functional Effects of IGF1 and WNT4
Knockdown
To validate the gene expression profiling data, we performed
Fluidigm TaqMan qPCR on the non-treated and TGF-β1-treated
fibroblast lines that were used for the microarray analysis
(Figures 4A–D). Consistent with the microarray data, ASPN and
WNT4 were decreased and CXCL1 and IGF1 were increased in
c64a fibroblasts compared to F22Br, M50F, and F60Br fibroblasts.

To determine the functional significance of the genes
identified by microarray analysis, we introduced shRNAs into
fibroblasts via lentiviral infection (Supplementary Figure 6).
The degree of knockdown varied. With shIGF1 and shWNT4, a
reduction in expression was observed in all infected primary cells
(6/6 lines tested). Cells in which there was knockdown of CXCL1
(4/6 lines tested) could not be expanded in culture, and ASPN
was not pursued further because the effects of knockdown were
inconsistent (i.e., achieved in 4/6 lines tested). IGF1 knockdown
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FIGURE 3 | Mapping of candidate markers onto scRNAseq dataset of Tabib et al. (2018). (A) Subpopulations of fibroblasts identified by expression of SFRP2/DPP4
and FMO1/LSP1. (B) Subpopulations expressing THY1 (CD90; a pan-fibroblast marker); ENTPD1 (CD39), a papillary fibroblast marker; CD36, a reticular fibroblast
marker (Philippeos et al., 2018); and ACTA2 (α-SMA). (C) Genes differentially expressed in c64a fibroblasts. Transcript expression of the selected markers is overlaid
on the 2D t-SNE space of human fibroblasts in the dataset of Tabib et al. (2018). Size and colour represent Log10(TPM) normalised expression values. t-SNE,
t-distributed stochastic neighbour embedding; TPM, transcripts per million.

(shIGF1) led to an increase in α-SMA expression, both at mRNA
(qPCR, Figure 4E) and protein levels (immunofluorescence
labelling, Figure 4G) in the commercial c19 and c24 fibroblast
lines, even though the degree of knockdown was low in c19 cells
(Supplementary Figure 6C). shWNT4 knockdown decreased the
proportion of α-SMA+ cells in the c19 line, both in the presence
and absence of TGF-β1; in contrast, it had the opposite effect
in c24 cells (Figure 4H). These findings implicate a role for
high IGF1 expression in preventing myofibroblast formation,
although this was not tested in c64a cells.

To assay the effects in a skin reconstitution assay, control
and knockdown fibroblasts were introduced into de-epidermised
human dermis and cultured at the air-liquid interface with
human keratinocytes. Epidermal stratification and differentiation
could readily be assessed by H&E staining (Figure 5).
Immunolabelling with an antibody to keratin 14 stained all
the viable epidermal layers See comments in supplementary,
while immunolabelling with an antibody to vimentin labelled
fibroblasts. The papillary (upper) and reticular dermis can be
distinguished in H&E stained sections because of the relative
absence of mature collagen fibres in the papillary dermis
(Philippeos et al., 2018). The distribution of fibroblasts was not
confined to the upper dermis See comments in supplementary.
Introduction of F22Br, M50F, or F60Br fibroblasts led to an
increase in epidermal thickness compared to cultures that lacked
any fibroblasts, as already reported (Wang et al., 2012; Philippeos
et al., 2018). In contrast, there was no significant difference
between the thickness of epidermis cultured on de-cellularised

dermis lacking fibroblasts and dermis containing c64a fibroblasts
(Figure 5).

We next examined the effect of knocking down IGF1 and
WNT4 in four in-house fibroblast lines: F22Br, F36Br, F44Br,
and F60Br (Figure 6). Knockdown fibroblasts were cultured on
tissue culture plastic with puromycin selection for 3 days prior to
injection into DED and were not exposed to puromycin during
skin reconstitution. When the data were combined from all
four lines, there was no significant effect of IGF1 knockdown
on epidermal thickness, although in two of the lines (F22Br
and F36Br), there was a trend towards increased thickness
(Figure 6B). In contrast, knockdown of WNT4 led to an
increase in epidermal thickness in all four lines, whether analysed
individually (Figure 6B) or combined (Figure 6C).

In summary, we were able to confirm differential expression
of ASPN, CXCL1, IGF1, and WNT4 in c64a cells and obtain
evidence that IGF1 and WNT4 contribute to two distinct dermal
functions: myofibroblast formation and epidermal maintenance,
respectively (Figure 7).

DISCUSSION

In the past 5 years, we have isolated fibroblasts from
surgical waste skin of multiple adult donors and observed
differences in cell growth and morphology that we could
not account for simply based on the age, sex, or body
site of the donors (Philippeos et al., unpublished). Studies
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FIGURE 4 | Expression of fibroblast markers. 1Cq expression of (A) ASPN, (B) CXCL1, (C) IGF1, and (D) WNT4, 24 h after treatment with TGF-β1 or low serum
DMEM (control). Expression relative to reference gene (PPIA). Error bars represent SD of mean values from three independent experiments (n = 3). Two-way ANOVA
comparing c64a with the fibroblast lines indicated. Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, and ***p < 0.001. TGF-β1 treatment (D) had a
significant effect on WNT4 expression in the case of M50F and F60Br (p < 0.001, Sidak’s multiple comparisons test) but not F22Br or c64a. α-SMA (ACTA2) gene
expression levels in NHDF expressing shIGF1 (E) and shWNT4 (F). Bars represent 11Cq expression values for each NHDF line, relative to non-coding control
(shControl; —), normalised to the reference gene (18S). Effect of IGF1 knockdown (shIGF1, G) and WNT4 knockdown (shWNT4, H) on PromoCell c19 and c24 lines.
Control cells (low serum DMEM) and TGF-β1-treated cells (10 ng/ml, in low serum DMEM) were assayed for % α-SMA positive cells. Error bars represent SD of
mean values of triplicate wells in 3 × 96-well microplates (n = 1 experiment). Two-way ANOVA comparing targeted NHDF (shTarget) with own non-coding control.
Tukey’s multiple comparisons test. ##p < 0.01, and ###p < 0.001.

in mice demonstrate that even within a single body site,
dermal fibroblasts have different embryological origins and
functions (Driskell et al., 2013; Rinkevich et al., 2014, 2015).
In addition, single-cell RNAseq of fibroblasts isolated directly
from human dermis reveals the existence of multiple fibroblast
populations with different functions (Philippeos et al., 2018;

Tabib et al., 2018; Solé-Boldo et al., 2020; Reynolds et al., 2021).
These observations prompted us to explore whether or not
we could use differences between NHDF lines that had
been established in culture for six or more passages as a
novel approach to identify candidate regulators of fibroblast
function (Figure 7).
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FIGURE 5 | Epidermal thickness in skin reconstitution models. H&E stained sections of de-epidermised dermis (DED), seeded with keratinocytes and grown at the
air-liquid interface for 2 weeks (A). The dermis was reconstituted with the NHDF indicated or did not contain fibroblasts. Scale bar: 200 µm. (B) Quantitation of
epidermal thickness. One-way ANOVA comparing c64a-reconstituted skin with other conditions. Tukey’s multiple comparisons test. ***p < 0.001. Data are from
three biological replicates per condition. Two histological slides of each DED, containing four sections per slide, were analysed (eight data points per condition),
corresponding to a total of 30 slides and 120 H&E stained sections. Sections were imaged using the NanoZoomer 2.0RS at 20x magnification. Error bars represent
SD.

By comparing four different fibroblast lines obtained from
a commercial supplier, we identified one (c64a) that failed to
express α-SMA in the presence or absence of TGF-β1. We
identified four genes (ASPN, CXCL1, IGF1, and WNT4) as being
most highly differentially expressed in the c64a line: c64a cells
expressed higher levels of CXCL1 and IGF1 and lower levels
of ASPN and WNT4 than the other three lines (Figure 7).
We showed that knockdown of IGF1 in six independent
adult human fibroblast lines (two commercial, four in-house)
increased α-SMA expression. Although the degree of knockdown
achieved varied between lines, this did not correlate with the
increase in α-SMA expression. We also found that knockdown
of WNT4 in four in-house fibroblast lines led to improved
epidermal reconstitution.

Although changes in fibroblast gene expression and function
with ageing have been described extensively (Schulze et al., 2010;
Lago and Puzzi, 2019), we could not account for the unusual
features of c64a cells on that basis because in our assays c64a cells
were distinguishable from age-matched fibroblasts from other
donors. In contrast to our in-house lines, the commercial lines
were flow sorted on the basis of CD90 expression prior to plating
and expansion in culture. Although Korosec et al. (2019) have
reported that CD90 is a marker of reticular fibroblasts, c64a
cells differed from both CD90-sorted (commercial) and unsorted
(in-house) lines.

All four differentially expressed genes identified in our screen
are implicated in skin homeostasis. CXCL1 promotes neutrophil
infiltration during wound healing (reviewed by Gillitzer and
Goebeler, 2001). CXCL1 expression is increased in keloids and
promotes keratinocyte migration (Gillitzer and Goebeler, 2001).
ASPN expression is increased in fibroblasts of tumour stroma,
and loss of ASPN prevents self-renewal of mesenchymal stromal
cells (Hughes et al., 2019).

Insulin-like growth factor 1 production is reduced in aged
skin fibroblasts, which has a negative impact on the epidermal
response to UV-mediated DNA damage (Kemp et al., 2017).
All-trans retinoic acid increases IGF1 expression and IGF
receptor signalling, one of the mechanisms by which all-trans
retinoic acid improves the properties of photo-aged human
skin by upregulating prolidase-dependent collagen synthesis
(Shim et al., 2012).

Wnt4 is induced by hypoxia and is increased in expression
during wound healing in mouse skin (Carre et al., 2018).
Wnt4 expression is increased upon TGF-β1 treatment of mouse
fibroblasts (Colwell et al., 2006; Liu et al., 2020). Wnt4 expression
is increased in post-natal wound healing and hypertrophic
scars, inhibiting TGF-β1-induced myofibroblast differentiation
and α-SMA expression (Colwell et al., 2006; Liu et al., 2020).
However, TGF-β1 treatment had no consistent effect on WNT4
expression in the human cell lines we tested, either increasing,
decreasing, or having no effect on levels, depending on the
line (Figure 4). ERK1/2 was at the centre of the signalling
pathways that were upregulated in c64a cells, consistent with
the finding that Wnt4 treatment can block ERK phosphorylation
(Liu et al., 2020).

The genes that distinguish c64a cells from other skin
fibroblasts do not map neatly onto a distinct subpopulation of
cells in vivo, leading us to propose that their properties have
evolved in culture, potentially by a combination of selection and
the effect of culture on gene expression (Philippeos et al., 2018).
In re-analysing the dataset of Tabib et al. (2018), cells with high
levels of ASPN, IGF1 and CXCL1 and low levels of WNT4 map
to the major CD90+ cluster and are relatively low in SRFP2 and
high in FMO1/LSP1. SFRP2+ dermal fibroblasts are reported to
be small, elongated cells, in contrast to FMO1+/LSP1+ cells,
which are associated with inflammation and matrix deposition.
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FIGURE 6 | Effect of shRNA-based lentiviral knockdown of IGF1 and WNT4 in skin reconstitution models. (A) Examples of H&E stained sections. Scale bar:
250 µm. (B,C) Quantitation of epidermal thickness. (B) Individual lentiviral-targeted NHDF: female 22-year-old breast skin (F22Br), female 36-year-old breast skin
(F36Br), female 44-year-old breast skin (F44Br), and 60-year-old breast skin (F60Br). (C) Pooled data from the four individual lines in (B). One-way ANOVA, Dunnett’s
multiple comparisons test compared with shControl. Error bars represent SD of data points. ***p < 0.001. Data collection as in Figure 5, except that n = 1 DED for
each lentiviral-targeted cell line and n = 2 for control (no NHDF) DEDs.

The different subsets do not have a distinct spatial distribution
(Tabib et al., 2018), in contrast to other subpopulations which
map specifically to papillary (CD39) or reticular (CD36) dermis
(Philippeos et al., 2018). Nevertheless, the cluster with highest
α-SMA (ACTA2) is low in IGF1, as would be predicted from
our functional studies. It is striking that ACTA2 does not
emerge as a marker of any of the major fibroblast subsets
recently identified by single cell RNA sequencing (Solé-Boldo
et al., 2020; Reynolds et al., 2021), reinforcing the observation
that the properties of fibroblasts change significantly in culture
(Philippeos et al., 2018).

A detailed characterisation of human dermal fibroblast
subpopulations offers considerable potential to develop novel
strategies to treat conditions such as fibrotic scarring or
epidermal thinning (Lynch and Watt, 2018). A transient decrease
in IGF1 expression might improve cell and ECM contractility
without the long-term consequences of excess myofibroblast
accumulation (Tomasek et al., 2002). Inhibiting WNT4 could
have a beneficial effect on epidermal maintenance. Nevertheless,
it is intriguing that even though c64a fibroblasts expressed low
levels of WNT4 they were very ineffective at promoting epidermal
stratification (Figure 5). This suggests that additional analysis
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FIGURE 7 | Schematic summarising the different properties of c64a fibroblasts compared to other fibroblast lines.

of the c64a gene expression profile and functional validation of
additional candidate genes such as ASPN and CXCL1 would be
worthwhile.

CONCLUSION

Although the c64a cell line does not appear to correspond to
a known fibroblast subpopulation in vivo, it has, nevertheless,
demonstrated the utility of exploring differences between
fibroblasts cultured from different donors. Further studies
involving IGF1 and WNT4 overexpression in cultured human
fibroblasts would clearly be of interest. It would be valuable
to see whether the reduced ability of c64a cells to support
epidermal stratification can be rescued by simultaneously
knocking down IGF1 and overexpressing WNT4 as this
would reveal whether there is a direct connection between
IGF1 and WNT4 in epidermal maintenance. Furthermore,
in vivo wounding experiments with dermal specific IGF1-KO
or WNT4-KO mice would be useful to more conclusively
address the functional roles of IGF1 and WNT4 as they
would enable measurement of α-SMA+ myofibroblast
transition with granulation tissue formation, speed of
epidermal closure, and any effect on the extent of fibrosis
in the repaired tissue.
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The reprogramming of somatic cells into induced pluripotent stem cells (iPSCs)
represents a major advance for the development of human disease models. The
emerging of this technique fostered the concept of “disease in a dish,” which consists
into the generation of patient-specific models in vitro. Currently, iPSCs are used to
study pathological molecular mechanisms caused by genetic mutations and they are
considered a reliable model for high-throughput drug screenings. Importantly, precision-
medicine approaches to treat monogenic disorders exploit iPSCs potential for the
selection and validation of lead candidates. For example, antisense oligonucleotides
(ASOs) were tested with promising results in myoblasts or motor neurons differentiated
from iPSCs of patients affected by either Duchenne muscular dystrophy or Amyotrophic
lateral sclerosis. However, the use of iPSCs needs additional optimization to ensure
translational success of the innovative strategies based on gene delivery through adeno
associated viral vectors (AAV) for these diseases. Indeed, to establish an efficient
transduction of iPSCs with AAV, several aspects should be optimized, including viral
vector serotype, viral concentration and timing of transduction. This review will outline
the use of iPSCs as a model for the development and testing of gene therapies for
neuromuscular and motor neuron disorders. It will then discuss the advantages for the
use of this versatile tool for gene therapy, along with the challenges associated with the
viral vector transduction of iPSCs.

Keywords: IPSCs, gene therapy, AAV, NMD, MND, ASOs

INTRODUCTION: iPSCs, AN INVALUABLE RESOURCE FOR
DISEASE MODELING

The development of human induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007) provided
unprecedented opportunities to decipher pathophysiological mechanisms of diseases and to test
therapeutic approaches in conditions that better translate to humans. This technology allows
to obtain an unlimited number of cells from one patient thus representing an ideal model
to study in vitro disease’s developmental stages, onset and progression in specific human cells
(Park et al., 2008a).
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iPSCs are capable of indefinite self-renewal and can
differentiate into any cell type under appropriate culture
conditions (Takahashi et al., 2007; Yu et al., 2007). iPSCs are
generated by reprogramming primary somatic cells, such as
dermal fibroblasts or blood cells, using ectopic expression of
selected embryonic transcription factors (e.g., Oct4, Sox2, Klf4,
and c-Myc) (Takahashi et al., 2007). Over the years, several
techniques have been refined to deliver the reprogramming
cocktail for iPSCs generation. The first pioneering studies on
iPSCs used integrating delivery systems, through retroviral or
lentiviral vectors (Takahashi et al., 2007; Yu et al., 2007; Park
et al., 2008b). To avoid any incorporation of the foreign genetic
material and induction of genomic alterations (Nakagawa et al.,
2008; Shao and Wu, 2010), novel delivery systems have been
introduced, based on non-integrating vectors (such as the Sendai
virus or episomal vectors), self-excising vectors (i.e., Cre-Lox,
PiggyBac transposon), and non-viral vectors (i.e., combination
of signaling molecules, small bioactive molecules, microRNAs,
and other chemicals) (Liu et al., 2020). Interestingly, the delivery
of synthetic mRNA expressing the reprogramming factors, was
also exploited for the safe generation of iPSCs (Warren et al.,
2010). It was also used for iPSCs differentiation (Warren et al.,
2012; Mandal and Rossi, 2013; Yoshioka et al., 2013; Goparaju
et al., 2017). This technology provides high in vitro transfection
efficiency of complex mixtures, with transient expression and
absence of genomic integration (Sahin et al., 2014).

iPSCs have the ability to retain the genetic mutation carried
by the donor patient together with its genomic background,
overcoming the limitations presented by the animal models and
leading to a new era of disease modeling and clinical applications
(Shi et al., 2017). Moreover, unlike the other unlimited sources
of self-renewing cells, the embryonic stem cells (ESCs), which
can only be obtained from early-stage blastocysts (4–5 days post
fertilization), the iPSCs can be generated from adult patients,
eliminating the ethical issues related to the generation of ESCs
and leading to the opportunity for studying different stages of the
disorders (Romano, 2008; Romito and Cobellis, 2016).

However, genetic background heterogeneity, lack of proper
controls, as well as technical challenges in handling and
standardizing the culture methods (Doss and Sachinidis, 2019;
Volpato and Webber, 2020), contribute to the variability
observed in the use of iPSCs as disease model (Hoekstra et al.,
2017; Karagiannis et al., 2018; Volpato and Webber, 2020).
To deal with genetic background influence on the expression
of disease phenotype it is now possible to generate isogenic
cell lines, introducing or repairing putative causative mutations
through the clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9-mediated genomic editing technologies
(Ben Jehuda et al., 2018). The use of such controls, when possible,
reduces the observed variation in cellular phenotypes caused by
the genomic milieu (Soldner and Jaenisch, 2012).

Thanks to the mentioned superior features, iPSCs were
exploited to generate in vitro models of severe diseases affecting
the neuromuscular system and/or the central nervous system,
such as neuromuscular and motor neuron disorders (NMD
and MND, respectively). While genetic corrected iPSCs are
investigated in the complex field of cell replacement therapies,

in which modified cells are reintroduced into patients (Tedesco
et al., 2012; Barthélémy and Wein, 2018; Abdul Wahid et al.,
2019), the iPSCs platform has already allowed the identification of
drug candidates for some of these complex disorders (Ortiz-Vitali
and Darabi, 2019; Pasteuning-Vuhman et al., 2020). Recently, the
combination of iPSCs and gene targeting approaches is changing
the face of modern medicine. In this review, we will thus briefly
discuss the successes in the identification of drug candidates
for NMD and MND and then we will focus on the efforts
toward the validation of gene therapy approaches in iPSCs for
muscular dystrophies, amyotrophic lateral sclerosis (ALS) and
spinal muscular atrophy (SMA). Table 1 summarizes the research
efforts in this direction mentioned in this review.

DRUG SCREENING FOR
NEUROMUSCULAR AND MOTOR
NEURON DISORDERS IN A DISH, FROM
RESEARCH EFFORTS TO CLINICAL
APPLICATION

iPSCs are widely exploited in high-throughput drug screenings
for genetic disorders. Thus far, the introduction of iPSCs into
the drug development pipeline has allowed (i) physiologically
improved modeling of disease-relevant phenotypes, (ii)
a greater patient stratification, and (iii) discrimination
between drug responders and non-responders (Pasteuning-
Vuhman et al., 2020). In perspective, this will have an
impact on the current limitations of the conventional drug
discovery process and consequently improve the success of
therapeutic target identification and clinical trial outcomes
(Hosoya and Czysz, 2016).

Following their discovery, multiple research efforts focused
on the generation of iPSCs for NMD and MND. As example, in
2008 Park and collaborators, established the first iPSCs line from
skin fibroblasts from a patient affected by Duchenne muscular
dystrophy (DMD), a fatal genetic disorder caused by mutations
in the dystrophin (DMD) gene and characterized by progressive
muscle wasting (Koenig et al., 1987; Park et al., 2008a; Gao
and McNally, 2015). Since then, additional DMD-iPSC lines
have been reported by other groups and several differentiation
protocols were tested to refine the optimal methods for skeletal
muscle and cardiac cell differentiation (reviewed by Danisovic
et al., 2018; Piga et al., 2019). These attempts overcame some
of the limitations of the commonly used human models of
DMD, such as myoblasts obtained from patient biopsies, which
are limited in number and phenotypically diverse (Blau et al.,
1983; Renault et al., 2000; Sun et al., 2020). In contrast,
patient-derived iPSCs allow the generation of large amount of
mature skeletal muscle cells (Chal et al., 2016; Caputo et al.,
2020) or cardiomyocytes—recapitulating the cardiomyopathy of
dystrophic patients (Hashimoto et al., 2016), and can mimic
different stages of the disorder (Xia et al., 2018). iPSCs were also
converted to neuronal cells to study the impact on the central
nervous system in NMD. For example, neuron-iPSCs were
generated from patients affected by myotonic dystrophy 1 (DM1)
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TABLE 1 | Summary of the major findings of the cited articles in which iPSCs were used for therapeutic tests of neuromuscular and motor neuron disorders.

Therapeutic
strategy

Differentiated
cell model

Disease Gene (Mutation) Main results References

Small drugs Myoblasts DMD DMD (c.457C > T) Drug screening identified ginsenoside Rd and
fenofibrate to enhance myogenic fusion of DMD
iPSC-derived myoblasts.

Sun et al., 2020

Motor neurons Sporadic and
familial ALS

FUS (p.H517D),
TDP-43 (p. M337V;
p. Q343R) and
SOD1 (p. H46R;
p. H43R)

Drug screening and evaluation of
multiple-phenotype rescue identified ROPI as a
potential therapeutic candidate.

Fujimori et al., 2018

Motor neurons Sporadic ALS and
familial ALS

SOD1 (p.A4V) Retigabine was identified as a drug that suppresses
the hyperexcitability of ALS iPSC-derived MNs
based on electrophysiological analysis.

Wainger et al.,
2014

Motor neurons Sporadic and
familial ALS

SOD1 (p.L144FVX) Drug screening identified bosutinib, a Src/c-Abl
inhibitor that promotes autophagy and rescues ALS
MN degeneration by inhibiting misfolded SOD1
aggregation and suppressing cell death in familial
and sporadic ALS cases.

Imamura et al.,
2017

Motor neurons SMA SMN1 Drug screening identified a novel HDAC inhibitor
that increases SMN2 mRNA levels.

Lai et al., 2017

Motor neurons SMA type I and II SMN1 Test of RG7800 (first generation of risdiplam), a
splice switching drug which increased SMN protein
levels.

Ratni et al., 2016

Motor neurons SMA type I SMN1 Test of risdiplam (FDA approved for SMA
treatment), a splice switching drug which increased
SMN levels.

Ratni et al., 2018

Motor neurons SMA type II SMN1 Test of TEC-1, a splice switching drug which
increased SMN levels.

Ando et al., 2020

ASOs Cardiomyocytes DMD DMD (Exons 48–50
deletion; Exons
47–50 deletion;
c.3217G > T;
4918-4919delTG;
c.7437G > A)

ASO-mediated exon-skipping on exon 51 restored
dystrophin to nearly 30% of the normal level.

Dick et al., 2013

Skeletal muscle
cells

DMD DMD (Exon 44
deletion; Exons
46–47 deletion)

ASOs-mediated exon-skipping of exon 45 restored
dystrophin protein expression and reduced calcium
overflow.

Shoji et al., 2015

Skeletal muscle
cells

DM1 DMPK1 (CTG
repeats)

ASOs abolished RNA foci and rescued mis-splicing. Mondragon-
Gonzalez and
Perlingeiro, 2018

Motor neurons ALS C9ORF72 repeat
expansion

ASOs targeting the C9ORF72 transcript
suppressed RNA foci formation and reversed gene
expression alterations.

Sareen et al., 2013

Mixed neuron-glia
cultures

ALS C9ORF72 repeat
expansion

ASOs targeting C9ORF72 rescues glutamate
cytotoxicity and reversed disease-specific
transcriptional changes.

Donnelly et al.,
2013

Motor neurons ALS C9ORF72 repeat
expansion

ASOs targeting C9ORF72 decreased intracellular
and extracellular poly(GP) proteins.

Giorgio et al., 2019

Motor neurons ALS C9ORF72 repeat
expansion

ASOs knocking down Ataxin-2, suppressed
nucleocytoplasmic transport defects as well as
neurodegeneration.

Zhang et al., 2018

Motor neurons ALS SOD1 ASOs designed to reduce the synthesis of SOD1
increased survival of ALS iPSC-derived MNs and
reduction of the misfolded SOD1 and the apoptotic
markers expression.

Nizzardo et al.,
2016

SMA-iPSCs SMA SMN1 MOs targeting SMN2 to significantly increase SMN
production.

Ramirez et al.,
2018

Motor neurons SMA SMN1 A new ASO variant resulted in a significant
improvement of full-length SMN expression by
correcting the aberrant splicing of SMN2 at the
pre-mRNA level.

Osman et al., 2016

(Continued)
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TABLE 1 | Continued

Therapeutic
strategy

Differentiated
cell model

Disease Gene (Mutation) Main results References

Motor neurons SMA SMN1 Three molecular strategies: ASOs, exon-specific U1
small nuclear RNA and Transcription Activator-Like
Effector-Transcription Factor increased SMN protein
and rescued neuropathological features of SMA.

Nizzardo et al.,
2015

AAV vectors iPSCs – – AAV3 vectors were used to introduce genetic
modifications in iPSCs.

Mitsui et al., 2009

iPSCs – – AAV2 was used for gene targeting in iPSCs. Khan et al., 2010

iPSCs – – Creation of a novel variant of AAV (AAV1.9) with a
threefold higher gene delivery efficiency than AAV2.

Asuri et al., 2012

Cardiomyocytes – – AAV vectors preferentially transduced differentiated
cells and identified serotypes 2 and 6 as the best
suited for cardiomyocyte-iPSCs transduction.

Rapti et al., 2015

Neuronal and glial
cells

ALS C9ORF72 repeat
expansion

AAV5 efficiently transduced 90% of the
iPSCs-derived neuronal and glial cells, reducing the
total expression of C9ORF72.

Martier et al.,
2019a

Retinal pigment
epithelium and
cortical neurons

– – The analysis of transduction efficiency using 11 AAV
vectors (serotypes 1–9, 7m8, and 8b) showed
substantial expression differences according to cell
Type, MOIs and transduction time.

Duong et al., 2019

Mature frontal
brain-like
neurons,
Dopaminergic
neurons,
astrocytes, and
motor neurons

ALS C9ORF72 repeat
expansion

AAV5-miRNAs efficiently transduce different
iPSC-derived cells reducing the amount of
C9ORF72 transcripts.

Martier et al.,
2019b

iPSCs – – A Testing Kit containing 30 AAV vectors was tested
and showed that bioengineered vectors, such as
AAV 7m8, AAV LK03, and AAV DJ were efficient in
iPSCs transduction.

Westhaus et al.,
2020

iPSC-derived
cerebral
organoids and
neural cells

– – AAV5 showed a higher transduction in organoids
and neural cells when compared to AAV9.

Depla et al., 2020

AAV, adeno associated viral vectors; ALS, amyotrophic lateral sclerosis; ASOs, antisense oligonucleotides; C9ORF72, chromosome 9 open reading frame 72; DM1,
myotonic dystrophy 1; DMD, duchenne muscular dystrophy; DMD, Dystrophin; DMPK, dystrophia myotonica protein kinase; FDA, Food and Drug Administration; FUS,
Fused in sarcoma; HDAC, histone deacetylase; iPSCs, induced pluripotent stem cells; miRNAs, microRNAs; MOI, multiplicity of infection; MNs, Motor neurons; ROPI,
ropinirole; SMA, spinal muscular atrophy; SMN1, Survival of motor neuron 1; SOD1, Superoxide dismutase1; TDP-43, TAR-DNA-Binding Protein 43.

(Du et al., 2013; Xia et al., 2013; Ueki et al., 2017), caused by an
expansion of the CTG trinucleotide repeats in the 3′ untranslated
region of the dystrophia myotonica protein kinase (DMPK) gene
(Brook et al., 1992). Altogether these studies highlight the
versatility of iPSCs as model for the thorough study of gene
mutations in the main affected tissues (i.e., skeletal and cardiac
muscle for DMD) but also in other relevant cell types (such as
neurons in DM1), which contribute to the disease manifestations.
Furthermore, iPSCs are being exploited for the development
of therapies for muscular dystrophies which is usually carried
out in mouse models unable to fully recapitulate all the human
disease features (Wells, 2018; Ortiz-Vitali and Darabi, 2019; van
Putten et al., 2020). Recently, Sun and colleagues developed
a platform based on DMD-iPSC–derived myoblasts for drug
screening and among 1524 compounds analyzed, they identified
2 promising small molecules with in vivo efficacy (Sun et al.,
2020). Further efforts in this direction will likely improve the
search for reliable drug candidates and eventually increase the
success rate in clinical trials for these severe disorders.

While animal models remain the preferred choice also for
modeling and drug testing for MND (Picher-Martel et al., 2016;
Dawson et al., 2018; Giorgio et al., 2019), the large genetic
variability of these disorders set the ground for the wide use of
patient-derived cells. Since 2008, when Eggan’s group (Dimos
et al., 2008) used for the first time iPSCs to produce patient-
specific motor neurons and glia from skin cells of an 82-year-
old female patient diagnosed with ALS—the most common
adult onset MND—several groups have designed and validated
protocols for spinal motor neurons (MN) (Son et al., 2011;
Amoroso et al., 2013; Demestre et al., 2015; Maury et al., 2015;
Toli et al., 2015; Sances et al., 2016; Fujimori et al., 2018)
and astrocyte differentiation (Madill et al., 2017; Birger et al.,
2019; Zhao et al., 2020). The studies performed in ALS-iPSCs
with different genetic mutations, facilitated the identification of
common pathological features to the various disease forms, such
as endoplasmic reticulum stress (Kiskinis et al., 2014; Dafinca
et al., 2016), mitochondrial abnormalities (Dafinca et al., 2020;
Hor et al., 2020), and impaired excitability (Wainger et al., 2014),
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but also characteristics related to specific mutations, like protein
aggregation or mislocalization (Liu et al., 2015).

Drug screenings using ALS-derived iPSCs additionally
allowed the identification of three drugs that are currently
explored as therapeutic options in clinical trials.

- The first one, ROPI, a dopamine receptor agonist, was
identified from a panel of 1232 Food and Drug Administration
(FDA)-approved drugs in a drug screening analysis conducted
at Keio University, which examined Fused in sarcoma (FUS)-
and TAR-DNA-Binding Protein 43 (TDP-43)-ALS iPSC-derived
MN for suppression of ALS-related phenotypes in vitro, such
as mislocalization of FUS/TDP43, stress granule formation, MN
death/damage, and neurite retraction (Fujimori et al., 2018). This
drug is now tested in the ROPALS trial (UMIN000034954 and
JMA-IIA00397) as continuation of the Phase I/IIa clinical trial
(Morimoto et al., 2019).

- Retigabine (known as an antiepileptic) was identified as a
potential suppressor of the hyperexcitability of ALS iPSC-derived
MNs based on electrophysiological analysis (Wainger et al.,
2014). It is a voltage-gated potassium channel activator (Kv7) able
to both block hyperexcitability and improve MN survival in vitro
when tested in ALS cases carrying the most common genetic
mutations (Wainger et al., 2014). A Phase II Pharmacodynamic
Trial of Ezogabine (Retigabine) on neuronal excitability in ALS
(NCT02450552) was conducted from 2015 to 2019 showing a
decrease of cortical and spinal MN excitability in participants
with ALS. These data suggest that such neurophysiological
metrics may be used as pharmacodynamic biomarkers in
multisite clinical trials (Wainger et al., 2020).

- The third drug is Bosutinib, a proto-oncogene non-
receptor protein tyrosine kinase (Src/c-Abl) inhibitor that
promoted autophagy and rescued degeneration in iPSC-derived
MN, inhibiting misfolded Superoxide Dismutase 1 (SOD1)
aggregation and suppressing cell death in genetic and sporadic
ALS (Imamura et al., 2017). A new Phase I clinical trial of
the drug bosutinib for ALS (UMIN000036295) was initiated in
Japan in March 2019.

These examples of drug discovery in iPSCs and their
ongoing translation to patients affected by a yet uncurable
disease, indicate that this could be a valid paradigm for clinical
success in similar diseases, such as SMA. SMA is a MND
caused by homozygous mutations in the survival of motor
neuron gene (SMN1) leading to infant mortality and motor
disabilities in young and adult patients (Lefebvre et al., 1995;
Verhaart et al., 2017; Smeriglio et al., 2020). This gene has a
paralog called SMN2 that is nearly identical to SMN1, with
few nucleotide differences, which result in the exclusion of
exon 7 and 90% production of a truncated non-functional
survival of motor neuron (SMN) protein (Lefebvre et al., 1995).
Several therapeutic strategies have been tested to restore SMN
expression (Wirth, 2021). Histone deacetylase (HDAC) inhibitors
were tested to induce transcriptional activation of SMN2 and
consequent increased production of full length SMN, with
successful outcomes in proof-of-concept studies and failure
in clinical trials. With the aim to identify compounds with
higher efficacy and specificity, Lai and colleagues performed a
drug screening in neuron-iPSCs from SMA patients. This study

identified novel HDAC inhibitors with therapeutic potential that
could be further explored for SMA treatment (Lai et al., 2017).
Interestingly, neuron-iPSC from SMA patients were also used
to test the efficacy of the recent FDA approved small molecule
EvrysdiTM (risdiplam) (Ratni et al., 2016; Ratni et al., 2018;
Dhillon, 2020), which forces the inclusion of exon 7 and thus
restore SMN protein levels (Poirier et al., 2018). Moreover,
the drug called TEC-1 (2-(4,6-dimethylpyrazolo[1,5-a]pyrazin-
2-yl)-6-(4-methylpiperazin-1-yl)quinazolin-4(3H)-one) another
SMN2 splicing modulator, was recently identified in a screening
on SMA patient-derived fibroblasts. The drug’s effects were then
confirmed in SMA-MN-iPSCs (Ando et al., 2020).

As suggested by the reported examples, the combination of
iPSCs modeling, together with high-throughput drug screening
followed by animal tests will likely ensure the identification of
effective and safe therapeutic candidates. How this pipeline can
be adapted to the development and tests for precision medicine
approaches, such as gene therapy, will be discussed in the
following paragraphs and is exemplified in Figure 1.

iPSCs FOR GENE THERAPY, A FOCUS
ON ANTISENSE OLIGONUCLEOTIDES

Gene targeting approaches are based on the direct correction of
the genetic defects (Wang and Gao, 2014; Cappella et al., 2019).
For example, antisense oligonucleotides (ASOs) widely tested in
pre-clinical and clinical settings, have been approved for SMA
(Spinraza R©) (Aartsma-Rus, 2017) and DMD (i.e., Exondys 51 R©)
(Stein, 2016) patients, encouraging their use for the treatment of
other monogenic disorders.

ASOs are synthetic single-stranded strings of nucleic acids that
bind to RNA through standard Watson–Crick base pairing. After
binding to the targeted RNA, the antisense drug can modulate
the function of the targeted RNA by several mechanisms
(Bennett and Swayze, 2010; Crooke et al., 2018), depending on
the chemical modifications and the binding position on the
target RNA (Wurster and Ludolph, 2018; Talbot and Wood,
2019; Ochoa and Milam, 2020). Briefly, ASOs can promote
degradation of the targeted RNA, by mimicking DNA-RNA
pairing and activating endogenous nucleases (i.e., RNase H1),
or can modulate the processing of the RNA molecule, without
inducing its degradation. This can be achieved through several
mechanisms, such as by masking RNA splicing sites, as in the
examples described below for DMD or SMA (Dick et al., 2013;
Shoji et al., 2015; Osman et al., 2016; Ramirez et al., 2018).
Other methods of action of ASOs have been previously reviewed
(Bennett and Swayze, 2010; Crooke, 2017).

Several strategies, (Miller and Harris, 2016; Schoch and
Miller, 2017), are currently investigated to increase ASOs
stability, enhance binding affinity to the target RNA, improve
tissue distribution and cellular uptake, while decreasing possible
adverse effects (Bennett et al., 2017). Here we will focus on the use
of iPSCs as model for testing the efficacy of these gene targeting
approaches in NMD and MND.

Due to the large size of the DMD gene (Koenig et al.,
1987), the restoration of the full-length dystrophin protein is
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FIGURE 1 | Test and development of gene targeting approaches using iPSCs. This drawing summarizes the steps of development for drugs and gene therapy
approaches, using induced pluripotent stem cells (iPSCs). Somatic cells, such as fibroblasts or blood cells (peripheral blood mononuclear cells, PBMCs) are
obtained from patient’s biopsies. After reprogramming, the patient-derived iPSCs can be differentiated into disease-relevant cell types, such as skeletal muscle cells,
neural or glial cells for neuromuscular or motor neuron disorders. These cells are then subjected to the classical high-throughput drug screening and in perspective
will be used to test novel therapeutic entities, based on gene targeting approaches. As example, antisense oligonucleotides (ASOs) or adeno-associated viral vectors
(AAV)-based strategies. After validations in animal models and the pre-clinical development process, these novel therapies could enter into clinical trials for patients
affected by rare disorders. The use of iPSCs and gene targeting strategies will likely foster the development of personalized medicine approaches. Created
with BioRender.com.

challenging (Gao and McNally, 2015; Duan, 2018). One of the
most promising approaches for gene targeting in DMD, is the use
of ASOs binding to the pre-mRNA of the DMD gene to restore its
reading frame and consequently producing a truncated but yet
functional protein.

The ASO-mediated exon-skipping efficacy on exon 51 was
tested in cardiomyocytes derived from iPSCs with DMD
mutations, restoring dystrophin to nearly 30% of the normal
level (Dick et al., 2013). Another similar study tested an ASO
forcing exon 45 skipping of the DMD gene in myotubes derived
from iPSCs, thus restoring dystrophin expression but also
reducing calcium overflow (Shoji et al., 2015). These studies
indicate that iPSCs can be used as platforms for therapeutic
selection of ASO, based on the gene correction and prevention
of skeletal muscle phenotype in DMD. The new frontier for the
treatment of DMD patients is the development of mutation-
specific ASOs (Schneider and Aartsma-Rus, 2020) and the
use of iPSCs will likely speed the path to success of those
strategies through the selection of the patient-specific and most
efficient candidates.

ASOs were also proven effective in differentiated myotubes
from DM1-iPSCs. A repeat-directed ASO treatment abolished
RNA foci accumulation and rescued mis-splicing (Mondragon-
Gonzalez and Perlingeiro, 2018) in vitro. These discoveries
indicate that once established the proper conversion and
differentiation protocols, together with valid disease read-outs,
the test of ASOs in iPSCs could be likely applied to a larger
spectrum of muscular dystrophies and diseases.

Therapeutic ASOs are currently tested in clinical trials for
ALS patients harboring the chromosome 9 open reading frame
72 (C9ORF72) mutations (NCT03626012), SOD1 mutations
(NCT03070119, NCT02623699) (recently reviewed by Cappella
et al., 2021) or for sporadic ALS patients, with the Ataxin2-
ASO (NCT04494256, Becker et al., 2017). Importantly, a splice
switching ASO targeted to SMN2 (Spinraza R©) was approved for
SMA patients in 2016.

To better characterize ASOs ability to rescue disease
hallmarks, to dissect pathophysiological mechanisms and to test
novel chemistries and molecular technologies, different research
groups are studying ASOs in iPSCs for MND. For example,
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ASOs were proven effective in reducing the accumulation of sense
RNA foci or toxic dipeptides in C9ORF72-iPSCs differentiated to
neurons or MN (Donnelly et al., 2013; Sareen et al., 2013; Giorgio
et al., 2019). More recently, Zhang et al. (2018) demonstrated
that nucleocytoplasmic transport deficits and neurodegeneration
were alleviated in C9ORF72-MN-iPSCs, after treatment with
ASOs directed against the Ataxin 2, an RNA-binding protein.
Nizzardo et al. (2016) treated ALS MN-iPSCs with ASOs
designed to reduce the synthesis of human SOD1 and observed an
increased survival and reduced expression of apoptotic markers
in treated cells.

In SMA, iPSCs were used to test novel ASO sequences
for their improved capacity of producing the full length SMN
protein from splicing modulation of SMN2 and exon 7 inclusion
(Osman et al., 2016; Ramirez et al., 2018). They were also used
to test novel molecular strategies to restore SMN expression
and correct neuropathological feature, namely an U1 small
nuclear RNA-mediated splice switching approach and SMN
transcription activation, via the Transcription Activator-Like
Effector-Transcription Factor (TALE-TF) (Nizzardo et al., 2015).
This report suggests that iPSCs could serve for the side-
by-side comparison of different gene targeting strategies for
monogenic disorders.

iPSCs AS A MODEL FOR AAV-BASED
GENE THERAPY TESTING

The use of adeno-associated viral vectors (AAV) for gene therapy
of rare disorders recently became a clinical reality. The approval
of Zolgensma R© (an AAV-mediated therapy) for the treatment
of the most severe form of SMA, endorses the development of
similar approaches for NMD and MND. Indeed, several pre-
clinical studies report successes of these approaches in disease
models (Biferi et al., 2017; Cappella et al., 2019; Crudele and
Chamberlain, 2019) and their use in clinical trials (Bowles et al.,
2012; Mendell et al., 2015; Mueller et al., 2020).

Some of the challenges associated to the translation of AAV-
based therapies from animal models to patients, are linked to
(i) the selection of the best AAV serotype for efficient transgene
expression, (ii) cell/tissue specificity, as well as (iii) production
of high vector titers, and (iv) reduction of immunoreactivity
(Colella et al., 2017; Naso et al., 2017). To date, hundreds of
natural AAV serotypes, variants and bio-engineered versions
have been described (Hester et al., 2009; Choudhury et al.,
2016; Deverman et al., 2016; Chan et al., 2017; Hanlon et al.,
2019). Beside serotypes, research efforts are also focusing on
the combination of the best serotype with the therapeutic and
regulatory sequences—such as promoters or enhancers (Colella
et al., 2018; Besse et al., 2020; Nieuwenhuis et al., 2020), for
efficient, safe and specific transgene expressions (Guilbaud et al.,
2019; Hanlon et al., 2019). This will likely contribute to expedite
the translational path from bench to clinic. In this context,
iPSCs can be used to select the vector with best transduction
properties for a specific cell type and/or to test the therapeutic
sequences (recombinant transgene, oligonucleotides, antibodies,

etc.). These techniques will be further refined to design patient-
specific approaches. In perspective, when a therapeutic candidate
will be established, iPSCs could be further used for analytical tests
of approved gene therapies, such as potency assays.

AAV vectors were initially tested for genetic manipulation
of ESCs or iPSCs in vitro, using natural human-derived AAV
serotypes (from 1 to 9). After some unsuccessful attempts (Smith-
Arica et al., 2003; Jang et al., 2011), some reports showed that
natural AAV vector serotypes, such as AAV 2 and 3, were able
to target iPSCs, although with limited efficacy (Mitsui et al.,
2009; Khan et al., 2010). Through direct evolution, Asuri et al.
(2012), derived a novel variant of AAV (AAV1.9) with a threefold
higher gene delivery efficiency than AAV2 in iPSCs. These
pioneer studies suggested that AAV vectors could be also used
for stem cell correction and consequently studies of biological
mechanisms in vitro and eventually for therapeutic purposes in
cell therapy approaches.

Several studies reported method for AAV-mediated delivery of
differentiated iPSCs. For example, Rapti et al. (2015) compared
the transduction efficiency of different AAV (serotypes 1, 2, 6,
and 9) in cardiomyocyte-iPSCs. Interestingly, they noticed that
AAV vectors preferentially transduced differentiated cells and
identified in serotypes 2 and 6 the best suited for cardiomyocyte-
iPSCs transduction.

For modeling and therapeutic testing of central nervous
system cells, AAV serotype 5 expressing the green fluorescent
protein (GFP), was proven efficient in iPSCs-derived neuronal
and glial cells, resulting in up to 90% of transduction (Martier
et al., 2019a). Moreover, Duong et al. examined the level of
AAV-GFP expression following the transduction of 11 AAV
vectors in iPSCs differentiated into retinal pigment epithelium
and cortical neurons (Duong et al., 2019). GFP-expressing cells
were examined and compared across doses, time and cell type.
They reported that retinal pigmented epithelium had the highest
AAV-mediated GFP expression compared to cortical neurons-
iPSCs and that AAV7m8 and AAV6 were the best performing,
across vector concentrations and cell types. This study suggested
that in addition to vector tropisms, cell type significantly affects
transgene expression (Duong et al., 2019).

Overall, following optimizations, AAV vectors can be used
to efficiently transduce patient-derived cells converted to neural
or glial cells, likely facilitating studies for neurological diseases.
Indeed, Martier and colleagues investigated the feasibility of a
miRNA-based gene therapy to obtain long-term silencing of the
repeat-containing transcripts of C9ORF72. Four AAV5 carrying
miR candidates were tested in neuron-iPSC, resulting in sufficient
transduction and expression of therapeutically relevant levels of
the corresponding mature miRNA (Martier et al., 2019b). Two
of the tested candidates were then proven efficient in reducing
RNA foci accumulation in some brain regions of a disease mouse
model (Martier et al., 2019a).

Novel methods are currently developed to select AAV for their
fitness in vitro. For example, the group of Lisowski developed
an AAV Testing Kit, as novel high-throughput approach based
on next-generation sequencing, to study the performance of 30
published AAV variants in vitro, in vivo, and ex vivo. They
tested AAV variants in primary cells, immortalized cell lines and
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iPSCs, showing that iPSCs were most efficiently transduced with
bioengineered vectors, such as AAV 7m8, AAV LK03, and AAV
DJ (Westhaus et al., 2020). This suggests that further methods
for AAV optimization are necessary and will likely improve AAV
transduction properties in vitro and in vivo.

Transduction properties of AAV serotypes in the human
context have been recently tested in 3D structure iPSC-
derived cerebral organoids. The transduction properties of two
commonly used AAV serotypes (AAV5 and 9) were compared for
transgene expression at the mRNA and protein levels, together
with the presence of viral DNA. This study reported a higher
transduction of the AAV5 compared to AAV9, in organoids and
neural cells (Depla et al., 2020). This work set the ground for the
use of iPSCs-derived human organoids as valid system for testing
AAV properties and will be likely a valuable platform for holistic
characterization of AAV properties in vitro and identification of
the best therapeutic candidates.

DISCUSSION

Gene therapy treatments are revolutionizing the face of modern
medicine opening treatment perspectives for patients affected by
fatal conditions. Despite the growing success of these approaches,
several aspects of gene therapy development need refinement
and would benefit of the use of iPSCs. Indeed, together with
their most known use, such as disease modeling for high-
throughput drug screenings, they can be converted into a reliable
platform for testing the novel therapeutic entities. Indeed, after
the establishment of proper differentiation protocols and disease
readouts, patient-derived models are being utilized to test gene
targeting approaches. Here, we have summarized research efforts
in testing drugs and gene therapy approaches in iPSCs from
patient affected by neuromuscular and motor neuron diseases.
We have presented some of the successes in candidate drug
identification, such as risdiplam for the treatment of SMA and
the research efforts in testing ASOs and AAV-mediated therapies.
These studies set the ground for further developments, to select
optimized therapeutic molecules and to identify powerful and
safe AAV vectors.

In parallel to iPSCs development, research efforts are currently
focused on the generation of even more advanced disease

models. Indeed, despite iPSCs represent a reliable model for
the understanding of pathological mechanisms and therapeutic
development, they do not fully recapitulate the complexity of
a tissue, with its architecture and interactions (Costamagna
et al., 2019). In this direction, 3D culture methods are being
implemented for NMD and MND, for example with the
generation of artificial skeletal muscle for DMD (Maffioletti et al.,
2018) or spinal cord organoids for SMA, which were used for
drug test (Hor et al., 2018). Interestingly, the group of Pasça, has
recently reported the generation of iPSC-derived 3D culture, in
which cerebral cortex or hindbrain/spinal cord organoids were
assembled with skeletal muscle spheroids (Andersen et al., 2020).
These so-called 3D cortico-motor assembloids hold promise for
the development of effective therapeutics for NMD and MND.

In conclusion, the advances in novel technologies, such as
production of mature organoids, will endorse the development
of efficient personalized medicine approaches.
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Every single cell in the body communicates with nearby cells to locally organize activities
with their neighbors and dysfunctional cell-cell communication can be detrimental during
cell lineage commitment, tissue patterning and organ development. Pannexin channels
(PANX1, PANX2, and PANX3) facilitate purinergic paracrine signaling through the
passage of messenger molecules out of cells. PANX1 is widely expressed throughout
the body and has recently been identified in human oocytes as well as 2 and 4-
cell stage human embryos. Given its abundance across multiple adult tissues and its
expression at the earliest stages of human development, we sought to understand
whether PANX1 impacts human induced pluripotent stem cells (iPSCs) or plays a role
in cell fate decisions. Western blot, immunofluorescence and flow cytometry reveal that
PANX1 is expressed in iPSCs as well as all three germ lineages derived from these cells:
ectoderm, endoderm, and mesoderm. PANX1 demonstrates differential glycosylation
patterns and subcellular localization across the germ lineages. Using CRISPR-Cas9
gene ablation, we find that loss of PANX1 has no obvious impact on iPSC morphology,
survival, or pluripotency gene expression. However, PANX1 gene knockout iPSCs exhibit
apparent lineage specification bias under 3-dimensional spontaneous differentiation into
the three germ lineages. Indeed, loss of PANX1 increases representation of endodermal
and mesodermal populations in PANX1 knockout cells. Importantly, PANX1 knockout
iPSCs are fully capable of differentiating toward each specific lineage when exposed to
the appropriate external signaling pressures, suggesting that although PANX1 influences
germ lineage specification, it is not essential to this process.

Keywords: human pluripotent stem cells, pannexin channels, germ lineage specification, differentiation, CRISPR-
Cas9 gene ablation

INTRODUCTION

Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are characterized by the ability to self-renew indefinitely and the capacity to
differentiate into theoretically any cell type in the embryo (Nagy et al., 1993; Itskovitz-Eldor et al.,
2000). Differentiation is the process by which stem cells are assigned a cell fate. At each successive
stage of lineage commitment cells become more and more specialized and lose the capacity to
become other cell types. Terminal differentiation refers to the final stage of cell fate specification,
when a cell is locked in form and function. One of the first cell fate decisions in development
occurs during gastrulation when the embryo patterns the three embryonic germ layers: ectoderm,
endoderm, mesoderm. The ectoderm eventually gives rise to tissues including skin and brain while
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the endoderm patterns for internal organs and the mesoderm
contributes to muscle, bones, and connective tissues. Embryonic
germ layer specification can be mimicked in vitro through active
or passive differentiation paradigms of human PSCs.

Pluripotent stem cells (and epiblast cells in the embryo)
maintain their stemness through activation of POU5F1,
NANOG, and transforming growth factor beta (TGFβ) signaling
pathways (reviewed in Tam and Loebel, 2007). Gastrulation
and the subsequent emergence of the three germ layers from
pluripotent stem cells initiates when Activin/Nodal, bone
morphogenic protein (BMP), and WNT signaling pathways
are activated (Camacho-Aguilar and Warmflash, 2020).
WNT3 signaling enables formation of the primitive streak
and specification of the bi-potent mesendoderm (Tada et al.,
2005; Tam and Loebel, 2007; Tan et al., 2013). The mesoderm
subsequently specifies through additional WNT3 pathway
activation and BMP signaling, whereas endoderm is specified by
elevated activation of Nodal/Activin A signaling pathways (Tam
and Loebel, 2007; ten Berge et al., 2008). The ectoderm germ
lineage is formed when remaining epiblast cells that did not
ingress through the primitive streak are subjected to TGFβ/Nodal
and BMP pathway inhibition (Tam and Loebel, 2007; Tchieu
et al., 2017). Germ lineage specification can be mimicked in vitro
through exogenous exposure to the aforementioned signaling
molecules in directed differentiation of PSCs. In contrast to
directed differentiation, spontaneous differentiation enables
passive, cell-guided lineage commitment and generally results
in cell populations from all three germ layers (Desbaillets et al.,
2000; Itskovitz-Eldor et al., 2000; Takahashi et al., 2007).

Cells do not undertake differentiation in isolation; rather
communication among neighboring cells, and between cells
and the niche, is essential to ensure appropriate cell fate
specification (Perrimon et al., 2012). In addition to secreted
factors, small signaling molecules released from cellular channels
also play increasingly recognized roles in these processes. For
example, purinergic signaling through release of extracellular
ATP participates in neural precursor cell and mesenchymal
stem cell self-renewal, migration, and differentiation (Glaser
et al., 2014; Cavaliere et al., 2015; Kaebisch et al., 2015; Jiang
et al., 2017). Pannexin proteins (PANX1, PANX2, and PANX3)
form large-pore channels, permeable to ions and metabolites
less than 1 kDa in size (Penuela et al., 2013). PANX1 is
widely expressed across multiple tissues in the body while
PANX2 and PANX3 are more restricted in tissue expression
(Penuela et al., 2013). The most well-defined role of PANX1
is ATP release (Chekeni et al., 2010). In healthy cells PANX1
channels normally remain in a closed state until induced to
transiently open in response to a variety of stimuli including
membrane deformation, receptor activation, and intracellular
calcium release (Sandilos et al., 2012; Bao et al., 2013; Furlow
et al., 2015; Sanchez-Arias et al., 2019). PANX1 signaling can
also influence the self-renewal and differentiation of multiple
somatic (adult) stem cell types including osteoprogenitor cells,
skeletal myoblasts, and postnatal neural precursor cells (Wicki-
Stordeur et al., 2012; Wicki-Stordeur and Swayne, 2013; Wicki-
Stordeur et al., 2016; Ishikawa and Yamada, 2017; Pham et al.,
2018). However, much less is known about the impact of PANX1

signaling in the early embryo or in pluripotent stem cells
(Hainz et al., 2018).

Recent reports have revealed that PANX1 is highly expressed
at the earliest stages of human development, and localizes to the
plasma membrane of human oocytes as well as 2- and 4-cell
stage human embryos (Sang et al., 2019). The high expression of
PANX1 in human oocytes and embryos suggests a fundamental
role for PANX1 in human development (Esseltine and Laird,
2016; Shao et al., 2016; Hainz et al., 2018). Indeed, several
human disease-causing germline PANX1 variants have now
been identified. The first human patient identified to harbor a
homozygous genetic variant in PANX1 (PANX1-R217H) suffers
from a staggering number of maladies in several of the organs
most highly enriched in PANX1, including severe neurological
deficits and primary ovarian failure (Shao et al., 2016). This
mutation was shown to decrease PANX1 channel function while
not affecting trafficking. Recently, four independent families
were reported in which different heterozygous PANX1 variants
cause female infertility due to primary oocyte death (Sang
et al., 2019). These four human variants interfered with PANX1
posttranslational modification and plasma membrane trafficking,
decreased PANX1 protein abundance in cells, and aberrant
channel function.

Because PANX1 is expressed at the very earliest stages of
human development, and because human mutations negatively
impact human oocyte survival, we sought to uncover whether
PANX1 also impacts human pluripotent stem cells or stem cell
fate decisions. Here we find that PANX1 protein is expressed at
the cell surface of human iPSCs. PANX1 knockout (PANX-/-)
iPSCs generated through CRISPR-Cas9 gene ablation appear
morphologically indistinguishable from control. Interestingly,
we find enhanced representation of endodermal and mesodermal
cells from spontaneously differentiated PANX1-/- iPSCs
compared to control. Therefore, we conclude that PANX1
protein expression influences PSC commitment to the three
embryonic germ layers.

MATERIALS AND METHODS

Induced Pluripotent Stem Cell Lines
All studies were approved by the Human Ethics Research Board
(HREB # 2018.210). Female wildtype human induced pluripotent
stem cells (iPSCs) were created from dermal fibroblasts isolated
from an apparently healthy 30-year-old female as described in
Esseltine et al. (2017) and obtained through a material transfer
agreement with The University of Western Ontario.

iPSCs were routinely cultured as colonies in feeder-free
conditions in a humidified 37◦C cell culture incubator buffered
with 5% CO2 and atmospheric oxygen. iPSCs were grown
on dishes coated with Geltrex (Cat# A141330, ThermoFisher,
Waltham, MA, United States) and fed daily with Essential
8 medium (Cat# A1517001, ThermoFisher). Colonies were
passaged every 4-5 days when they exhibited tight cell packing,
smooth borders, and phase-bright smattering at colony centers.
Individual iPSCs within the colonies exhibited prominent
nucleoli and high nucleus-to-cytoplasm ratio as is characteristic
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for human pluripotent stem cells (Thomson et al., 1998;
Takahashi et al., 2007). For passaging, iPSCs were incubated with
gentle cell dissociation buffer (Cat# 13151014, ThermoFisher)
at room temperature until colonies were visibly broken apart,
approximately 3-5 min (Beers et al., 2012). Gentle cell
dissociation buffer was then replaced with 1 mL of Essential
8 to stop the reaction. Colonies were then scraped from the
dish surface and broken into small aggregates of cells (roughly
50 – 200 µm in diameter). The resultant aggregates were seeded
into fresh Geltrex-coated wells containing Essential 8 at split
ratios of 1:5 to 1:20. iPSCs were maintained in culture for
20 weeks after thawing at which point the culture was terminated
and a fresh vial of low-passage iPSCs was thawed from the
liquid nitrogen. We confirmed our iPSC cell banks have normal
copy number at various mutation hotspots using the hPSC
Genetic Analysis Kit (Cat # 07550, STEMCELL Technologies,
Vancouver, BC, Canada).

Single cell iPSC passaging was achieved using StemPro
Accutase (Cat# A1110501, ThermoFisher). iPSCs were treated
with Accutase at 37◦C for 8-10 min and triturated to
create a single cell suspension. Single cells were plated in
medium supplemented with the Rho-associated kinase inhibitor
(ROCKi), Y-27632 (Cat# Y-5301, LC Laboratories, Woburn,
MA, United States) to promote single cell iPSC survival
(Watanabe et al., 2007).

CRISPR-Cas9 Gene Ablation
PANX1 knockout iPSCs were created as described previously
(Esseltine et al., 2020). Briefly, iPSCs were transfected using
the Mirus TransIT R©-LT1 Transfection Reagent (Cat# MIR-
2304, Mirus Bio LLC, Madison, WI, United States) with
the pSpCas9(BB)-2A-GFP plasmid (Cat# 48138, Addgene,
Cambridge, MA, United States) according to the manufacturer’s
instructions (Ran et al., 2013). The sgRNA was designed using
the Sanger Institute CRISPR finder1 and was selected based
on its low exonic off-target prediction [human PANX1: Sanger
sgRNA ID 1087081842 (5′-GCTGCGAAACGCCAGAACAG-
3′)]. After transfection, GFP-expressing single cells were sorted
using fluorescence activated cell sorting (FACS) and re-plated
at low density to permit easy isolation of individual clones.
The resulting individual clones were examined for ablation
of the target gene at the genomic level via PCR and Sanger
sequencing while ablation of the PANX1 protein was assessed via
immunofluorescence, Western blotting, and flow cytometry.

Embryoid Body Generation for 3D
Spontaneous Differentiation
Embryoid bodies (EBs) of 9000 cells each were created in 96-
well round-bottom plates coated with 1% agarose prepared
in deionized water to confer a non-adherent surface which
promotes iPSC self-aggregation (Friedrich et al., 2009; Dahlmann
et al., 2013). A single-cell iPSC suspension was created via
Accutase dissociation as described above and re-suspended in
Essential 6, which lacks the essential pluripotency factors TGFβ

and FGF2 (Cat# A1516401, ThermoFisher), supplemented with

1http://www.sanger.ac.uk/htgt/wge/

10 µM Y-27632 to promote cell survival (Lin and Chen, 2014).
Essential 6 media was replenished every other day to promote
spontaneous differentiation.

Monolayer Directed Differentiation to the
Three Germ Layers
Directed differentiation into the three germ layers was
achieved using the STEMdiffTM Trilineage Differentiation
Kit (Cat# 05230, STEMCELL Technologies) according to the
manufacturer’s instructions.

Quantitative Reverse Transcription
Polymerase Chain Reaction
Undifferentiated iPSCs, along with differentiated cells and
embryoid bodies were collected for gene expression analysis.
RNA was extracted using the PureLinkTM RNA isolation kit (Cat
# 12183018A, ThermoFisher) with DNase I treatment according
to the manufacturers’ instructions. Purified RNA was quantified
using a NanoDropTM 2000 spectrophotometer (Cat# ND-2000,
ThermoFisher), and stored at−80◦C until use. High quality RNA
was identified by a λ260/280 of ≥ 2.0 and λ260/230 of ≥ 2.0.

RNA was converted into complementary DNA (cDNA)
using the High-Capacity cDNA Reverse Transcription Kit
(Cat# 4368814, ThermoFisher) according to the manufacturer’s
instructions. Typically, 500 ng of RNA were used per cDNA
reaction. The resulting cDNA was stored at−30◦C until use.

Quantitative reverse transcription polymerase chain reaction
(qPCR) was performed using intercalating dye chemistry (Zipper
et al., 2004). Oligonucleotide sets listed in Table 1 were
designed for specific target amplification and minimal primer
dimer formation using NCBI Primer-BLAST (NIH, Bethesda,
MD, United States2) and IDT’s Oligo Analyzer Tool (IDT,
Newark, NJ, United States). Bio-Rad SsoAdvancedTM Universal
SYBR R© Green Supermix (Cat# 1725274, Bio-Rad, Hercules, CA,
United States) was utilized and oligonucleotides (all from IDT)
were used at 10 µM in each reaction. Standard run time cycling
parameters were as follows: one cycle of 50◦C for 2 min, one
cycle of 95◦C for 30 s, 40 cycles of 95◦C for 10 s, 60◦C for
1 min, followed by a melt curve from 60◦C to 95◦C. Data
was analyzed using QuantStudioTM real-time PCR software
(Version1.3, ThermoFisher). Gene expression for each sample
were normalized to the reference gene (GAPDH or 18SrRNA) to
generate a deltaCT (1CT) (Schmittgen and Livak, 2008). Stable
expression of GAPDH throughout differentiation was confirmed
by 1-way analysis of variance (ANOVA) across all cell lines and
tissue types generated in this study according to the methodology
described in Schmittgen and Livak (2008) (data not shown)
(Schmittgen and Livak, 2008). Samples where CT-values were
≥ the CT-value of the no-template control were considered qPCR
non-detects and were excluded from further analysis.

The heatmap in Figure 5C was generated from the average
2−1CT value (fold change from GAPDH expression) of each
condition using R Studio (version 3.6.1) software with the
ggplots.2 package, heatmap.2 function, and row scaling. For all

2https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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TABLE 1 | Oligo sets for qPCR.

Target Forward Primer (5′-3′) Reverse Primer (5′-3′) Amplicon Size (bp)

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 151

CXCR4 AGGGGATCAGTATATACACTTCAG AGAAGGGAAGCGTGATGACA 276

FOXA2 Hs.PT.58.22972176

GAPDH TGCTTTTAACTCTGGTAAAG CACTTGATTTTGGAGGGATC 198

GJA1 GGTCTGAGTGCCTGAACTTGCCT AGCCACACCTTCCCTCCAGCA 184

HNF1B AGCCAGTCGGTTTTACAGCA CTTGGGAGGTGTTGAGGCTT 229

KDR GTACATAGTTGTCGTTGTAGG TCAATCCCCACATTTAGTTC 132

MIXL1 GCTTTCAGTTACCCTCCCAGATAAC GCACAGGAAGTACAATAACAAGTGC 270

NANOG TGCTGAGATGCCTCACACGGA TGACCGGGACCTTGTCTTCCTT 155

NCAM1 GCCTGAAGCCCGAAACAAC CACTGGGTTCCCCTTGGA 117

NES CTGCGGGCTACTGAAAAGTT TCCAGGAGGGTCCTGTACG 161

PANX1 GGCAAAGGGAAAGCGAAAG CCAGGAGAAAGAACTTGGAGAG 337

PANX2 CTACATCCTCGGCACCAAGA GGGTACGGGATTTCCTTCTC 168

PANX3 Hs.PT.58.4636086

PAX6 CAGCTCGGTGGTGTCTTTG CCGTTGGACACGTTTTGATTG 167

PDGFRA CTGCTGATGAAAGCACACGG AACTCCATTCCTCGGGCAAC 289

POU5F1 TGGGCTCGAGAAGGATGTG GCATAGTCGCTGCTTGATCG 78

SOX17 GAGCCAAGGGCGAGTCCCGTA CCTTCCACGACTTGCCCAGCAT 141

T Hs.PT.58.1243965

WT1 GTAGCCCCGACTCTTGTACG AGTCCTGGTGTGGGTCTTCA 297

other qPCR analysis, fold change expression of genes relative
to a control sample (such as the control (wildtype) iPSC
cell population) were evaluated using the 11CT method as
described (Schmittgen and Livak, 2008). Fold change represents
the standard error of the mean of 2-8 technical replicates were
plotted in GraphPad PRISM (Version 6.07, GraphPad, San Diego,
CA, United States).

Immunofluorescence
Embryoid bodies and monolayer cultures were fixed in
10% buffered formalin (Cat# CA71007-344, VWR, Radnor,
PA, United States) for 1 h at room temperature. Fourteen
day old (day 14) EBs were cryogenically prepared and
immunolabelled according to the methodology described in
STEMCELL Technologies’ Document #27171, Version 1.0.0,
Nov 2019. In summary, day 14 EBs were first dehydrated
in Ca2+/Mg2+-free PBS supplemented with 30% sucrose for
1-4 days at 4◦C until the EBs sank. Dehydrated EBs were
then incubated for 1 hour at 37◦C in gelatin embedding
solution consisting of 10% sucrose and 7.5% gelatin prepared
in Ca2+/Mg2+-free PBS. The EBs were then transferred to
a cryopreservation mold and snap frozen in a slurry of dry
ice and isopentane followed by cryosectioning at 14 µm slice
thickness. For antigen retrieval, slides were placed into a
plastic container with citrate buffer, pH 6.0: 0.294% tri-sodium
citrate (dihydrate) (Cat# A12274, Alfa Aesar, Tewksbury, MA,
United States) with 0.05% Tween R©20. Samples were heated in
a rice steamer for 20 minutes. Five day old (day 5) EBs were
immunostained as whole-mount preparations. Immunostaining
with primary antibodies, dyes, and stains indicated in Table 2
was performed as described in the figure legends. AlexaFluor-
conjugated secondary antibodies were all purchased from

ThermoFisher. Slides were mounted using Mowial R©488 reagent
with 1,4-diazabicyclo[2.2.2]octane (DABCO) antifade compound
(Cold Spring Harbor Laboratory, 2007).

Phase Contrast Imaging
Phase contrast images of monolayer cells and embryoid bodies
were taken on a Zeiss AxioObserver microscope using 5X/0.12
NA A-Plan and 10X/0.25 NA Ph1 objectives. Images from
these microscopes were taken in 8-bit greyscale using an
Axiocam MRm camera and AxioVision Version 4.8.2 software.
All phase contrast imaging equipment is from Carl Zeiss
Microscopy (Jena, DEU).

Confocal Microscopy
Fluorescent confocal images were acquired on an Olympus
Fluoview FV10i—W3 confocal microscope (Olympus, Tokyo,
JPN) fitted with a 10X/0.4, or 60X/1.2 NA lens and Fluoview
version 2.1.17 software. The following lasers were used to
visualize fluorophores: DAPI/Hoechst (405 nm laser); Alexa
Fluor 488 (473 nm laser); Alexa Fluor 555 (559 nm laser);
Alexa Fluor 647 (635 nm laser). Other images were acquired
using an Olympus Fluoview FV1000 confocal microscope
fitted with 10X/0.4 NA, 20X/0.75NA or 40X/0.95NA and the
following lasers: 405 nm, 458 nm, 568 nm, 633 nm. Images
were analyzed using FIJI open source software (Schindelin
et al., 2012). To facilitate better visualization, fluorescent
confocal images were occasionally subjected to uniform
brightness/contrast enhancement.

Flow Cytometry
Flow cytometry was performed on a CytoFLEX (Beckman
Coulter, Brea, CA, United States) flow cytometer. Antibodies
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TABLE 2 | Primary antibodies and dyes.

Marker Supplier Catalog # Flow Cytometry IF Western Blot

Caspase3 (active) BD Biosciences 559565 1:5000

GAPDH MilliporeSigma MAB374 1:5000

Hoechst 33342 FisherScientific H3570 1:10,000

Ki67 Abcam ab16667 1:1000 1:250

Nestin ThermoFisher 14-9843-82 1:500

OCT4 Abcam ab181557 1:250

PANX1 Laird Lab N/A 1:500 1:2000

PAX6 Abcam ab195045 1:350 1:1000

Phalloidin ThermoFisher A34055 1:500

SOX17 R&D Systems AF1924 1:1000 1:1000

SOX2 R&D Systems AF2018 1:200

T (Brachyury) Abcam ab209665 1:400 1:1000 1:1000

Zombie NIRTM BioLegend 423105 1:1000

for flow cytometry were titrated over a range of concentrations
prior to use. The following controls were included in all
flow cytometry runs: unstained control, fluorescence-minus-
one (FMO) controls, secondary-only controls, and single-
color compensation controls for fluorochromes. UltraComp
compensation beads (Cat# 01-2222-43, ThermoFisher) were used
with antibodies raised in mice.

Live single-cell suspensions were labelled with Zombie NIRTM

fixable viability dye (Cat# 423105, BioLegend R©, San Diego, CA,
United States) to eliminate dead cells during the analysis stage.
Next, the cells were fixed in 10% buffered formalin for 10 min
at 4◦C in the dark. After fixation, the cells were permeabilized
(Ca2+Mg2+-free PBS with 0.5% BSA supplemented with 0.1%
Triton X-100) for 15 min at room temperature in the dark.
Primary and secondary antibodies (used at dilutions according
to Table 2) were incubated for 30 min at 4◦C in the dark.
Flow cytometric analysis was performed using FlowJo software
(version 10.7.1).

SDS–PAGE and Western Blot
Cells were lysed with a solution comprising 50 mM Tris–HCl
pH 8, 150 mM NaCl, 0.02% NaN3, 1% Triton X-100, 1 mM
NaVO4, 10 mM NaF, 2 µg/mL leupeptin, and 2 µg/mL aprotinin.
Soluble proteins were separated using SDS-PAGE and transferred
to a 0.45 µm nitrocellulose membrane (Cat# 1620115, Bio-Rad).
Primary antibodies (Table 2) were prepared in tris buffered
saline + Tween R©20 (TBST) + 3% skim milk and incubated
overnight at 4◦C. Secondary antibodies conjugated to HRP were
prepared in TBST+ 3% skim milk and incubated for 1 h at room
temperature. Proteins were visualized with Bio-Rad ClarityTM

Western ECL Substrate (Cat# 1705061, Bio-Rad) using a GE
ImageQuant LAS 400 (Cat# 28955810, GE Healthcare, Chicago,
IL, United States).

Statistics
Statistical analysis was performed in GraphPad PRISM Version
6.07. Error bars depict ± standard error of the mean (SEM)
with n ≥ 3 biological replicates (independent experiments)
unless otherwise stated. Statistical significance for comparisons

between 2 groups was determined by unpaired Student’s t-test.
Statistical significance for comparisons between 3 or more groups
was determined by Analysis of Variance (ANOVA) followed by
a Tukey’s multiple comparisons test. ∗p ≤ 0.05, ∗∗p ≤ 0.01,
∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 0.0001.

RESULTS

Human iPSCs Express PANX1
Previous research has indicated that human pluripotent stem
cells express transcripts of all three pannexin family members
(Hainz et al., 2018). Our qPCR analysis suggests that human
iPSCs express mRNA for PANX1 and PANX2, however we are
unable to detect PANX3 transcripts in these cells (Figure 1A).
qPCR also reveals that PANX1 gene expression is significantly
higher in iPSCs compared to the dermal fibroblasts from which
they were derived (Figure 1B). Immunofluorescence localizes
PANX1 protein primarily to the cell surface of human iPSCs with
lesser populations of intracellular staining (Figure 1D). Although
we identified PANX2 mRNA in our iPSCs, we were unable to find
a reliable antibody to detect the PANX2 protein. Therefore, we
focused our subsequent studies on PANX1.

PANX1-/- iPSCs Are Morphologically
Comparable to WT Control
Because PANX1 mRNA is upregulated after iPSC
reprogramming, and human PANX1 mutations are linked
to primary human oocyte death, we sought to determine whether
PANX1 protein was essential for human iPSC survival, growth,
or pluripotency. CRISPR-Cas9 was used to genetically ablate
PANX1 in iPSCs (Figure 1). The resulting clonal knockout
iPSCs have a single base pair deletion in the third PANX1 exon
resulting in a frameshift mutation and up to 15 early stop
codons within the PANX1 transcript (Figure 1C). At the protein
level, the mutation alters the amino acid sequence starting
from the second transmembrane domain (Figure 1C). Western
blot analysis shows PANX1 protein in control iPSCs expressed
as three distinct bands relating to the three glycosylation
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FIGURE 1 | PANX1 expression and CRISPR-Cas9 gene ablation in human iPSCs. (A) Quantitative RT-PCR (qPCR) demonstrates the presence of PANX1 and
PANX2 transcripts in human iPSCs, but not PANX3. n.d. qPCR non-detect. (B) PANX1 mRNA is significantly upregulated in human iPSCs compared to the dermal
fibroblasts from which they were derived. Data represent the standard error of the mean of 5 independent experiments. ***, p < 0.001 as assessed through
Student’s T-test. (C) CRISPR-Cas9 guide RNA was designed targeting the third exon of the human PANX1 gene. Resulting CRISPR-Cas9 engineering induced a
single base pair deletion, thus disrupting the reading frame. After gene ablation, human iPSCs no longer express PANX1 protein as shown through
immunofluorescence (D), flow cytometry (E,F), and Western blot (G). In the Western blot, control human iPSCs express PANX1 protein as several discreet band
sizes corresponding with the non-glycosylated protein (Gly0), high mannose (Gly1) and complex carbohydrate addition (Gly2). Immunofluorescence images were
acquired using consistent parameters and are representative of more than 5 replicate experiments. Equal adjustments for brightness or contrast in FIJI were applied
to both conditions. PANX1 (green); Nuclei (Hoechst, blue); Actin (Phalloidin, gray). Data represent the standard error of the mean of 4 independent experiments. ****,
p < 0.0001. Scale bar = 50 um.
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states where Gly2 corresponds with complex carbohydrate
modification, Gly1 is the addition of a high mannose species,
and Gly0 PANX1 lacks glycosylation (Figure 1G; Penuela et al.,
2007). After CRISPR-Cas9 gene ablation, PANX1-/- iPSCs no
longer express PANX1 protein as shown through Western blot,
flow cytometry, and immunofluorescence (Figures 1D–G).

PANX1-/- iPSCs appear morphologically indistinguishable
from control cells and continue to grow as large colonies of
tightly packed cells characteristic of human pluripotent stem
cells (Figure 2A). PANX1-/- iPSCs continue to express similar
amounts of the pluripotency markers POU5F1 (encoding for
OCT4) and NANOG compared to control iPSCs (Figure 2B).
Furthermore, PANX1-/- iPSCs do not upregulate PANX2,
PANX3, or GJA1 (encoding for Cx43) in response to loss of
the PANX1 protein (Figure 2C). Flow cytometry demonstrates
equivalent expression of the proliferation marker, Ki67 as
well as equally low expression of the apoptosis marker,
cleaved caspase 3 (CC3) (Figure 2D). Therefore, PANX1
genetic ablation does not appear to negatively impact human
iPSC survival, proliferation, morphology, or pluripotency
marker expression.

PANX1 Is Alternatively Glycosylated and
Differentially Localized in Cells From the
Three Embryonic Germ Layers
Although PANX1 genetic ablation was well tolerated in human
iPSCs, we investigated whether this protein plays a role in cell
fate specification. Given the wide expression of PANX1 across
many tissues of the body, we examined PANX1 expression
in each of the three germ layers: endoderm, ectoderm, and
mesoderm (Figure 3). PANX1 was indeed expressed in each germ
layer as shown through qPCR and Western blot (Figures 3B–
D). PANX1 transcript abundance was significantly elevated in
mesoderm cells compared to undifferentiated iPSCs (Figure 3B).
However, this increased mRNA abundance did not translate into
a similar increase in PANX1 protein expression in mesoderm
cells (Figures 3C,D). Similar to what was observed in iPSCs,
densitometric analysis of the three glycosylation species revealed
that 37.15 ± 2.47% of ectoderm PANX1 is fully glycosylated
while 25.59 ± 2.91% exists as high mannose and 37.24 ± 3.28%
is unglycosylated (Figures 3D,E). Interestingly, PANX1 in
mesoderm cells is significantly more glycosylated than iPSCs
(61.25 ± 1.29% Gly2, 22.71 ± 7.58% Gly1 and 16.01 ± 6.43%
Gly0). On the other hand, endoderm cells appeared to have a
significant reduction in the Gly1 and Gly2 species. Endodermal
PANX1 exists as 61.09± 5.84% unglycosylated species while only
22.38 ± 2.35% is fully glycosylated with complex carbohydrate
species (Figure 3E).

Because glycosylation has been reported to play a role in
PANX1 trafficking to the plasma membrane, we also evaluated
the subcellular distribution of PANX1 in the three germ
lineages. Immunofluorescence shows PANX1 protein localization
at the cell surface in Nestin positive ectoderm cells and
Brachyury positive mesoderm cells (Figure 4A, inset). However,
in SOX17 positive endoderm cells, PANX1 localized mainly
to intracellular compartments and overlapped with EEA1,

indicating PANX1 localization in early endosomes (Figure 4B
inset, yellow arrowheads).

PANX1 Knockout Embryoid Bodies
Exhibit Skewed Lineage Specification
Spontaneous differentiation enables passive, cell-guided cell
fate specification and generally results in cell populations from
all three germ layers (ectoderm, endoderm, and mesoderm).
In order to determine whether loss of PANX1 altered inherent
lineage specification of human iPSCs, we investigated the
spontaneous differentiation potential of control and PANX1-/-
iPSCs cultured as 3-dimensional embryoid bodies (EBs)
(Figure 5). Control and PANX1-/- iPSCs self-aggregated into
embryoid bodies of comparable size and shape after 24 h in
culture (Figure 5B). As expected, both control and PANX1-/-
EBs downregulated genes associated with undifferentiated
state (POU5F1 and NANOG) relative to starting iPSCs,
indicating that the cells within the EBs were losing pluripotent
stemness and were committing to downstream lineages
(Figure 5C). PANX1 mRNA expression significantly increased in
spontaneously differentiated EBs compared to undifferentiated
iPSCs (Figure 5D) while PANX2 mRNA remained constant
throughout differentiation in both control and PANX1-/-
EBs. On the other hand, GJA1 (Cx43) mRNA significantly
decreased throughout EB differentiation, although there was no
difference in GJA1 expression between control and PANX1-/-
EBs (Figure 5D).

Comprehensive gene expression analysis shows altered
expression of genes associated with the germ layers in PANX1-/-
EBs compared to control (Figures 5C,E). Indeed, after 5 days
of spontaneous differentiation, expression of mesendoderm
(MIXL1), mesoderm (T, PDGFRA, NCAM1) and endoderm
(SOX17, HNF1B) markers were elevated in PANX1-/- EBs
compared to control (Figures 5C,E). Time course analysis
suggests that at 5 days of spontaneous differentiation, expression
of endoderm and mesoderm lineage genes are higher in PANX1-/-
EBs compared to control, and decline by day 14 (Figure 5E)
consistent with mesendoderm commitment and subsequent
downstream lineage progression.

We corroborated our qPCR data using immunofluorescence
imaging of control and PANX1-/- embryoid bodies at day 5
(Figure 6A) and day 14 (Figure 6B). Consistent with our
gene expression analysis, we observed a greater proportion of
PANX1-/- cells expressing Brachyury (mesoderm) and SOX17
(endoderm) relative to control (Figure 6). On the other hand,
both control and PANX1-/- EBs expressed the ectoderm markers
PAX6 and Nestin (Figure 6). Taken together, spontaneously
differentiated PANX1-/- EBs appear to favor formation of
mesoderm and endoderm germ layers while the capacity to form
ectodermal cells is minimally impacted.

Exogenous Pressures Override PANX1-/-
Lineage Bias
We determined above that PANX1-/- iPSCs exhibit apparent
lineage specification bias when permitted to spontaneously
differentiate. However, we also wanted to determine whether
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FIGURE 2 | PANX1-/- iPSCs are morphologically comparable to control. (A) Phase contrast micrographs demonstrate that control and PANX1-/- iPSCs each grow
as large colonies of tightly packed cells with refractive borders and little differentiation. Scale bar = 200 um. qPCR analysis of (B) the key pluripotency genes POU5F1
(encoding for OCT4) and NANOG as well as (C) PANX2, PANX3 (qPCR non-detect) or GJA1 (encoding for Cx43) expression in control and PANX1-/- iPSCs. Data
represent the standard error of the mean of 5 independent experiments. ns, non-significant. n.d. qPCR non-detect. (D) Flow cytometry evaluation of the proliferation
marker Ki67 as well as the apoptotic marker cleaved caspase 3 (CC3) in control and PANX1-/- iPSCs.

loss of PANX1 impacted directed germ lineage differentiation
promoted through the application of exogenous growth factors
and small molecules. To that end, we used the STEMdiffTM

Trilineage Differentiation Kit (STEMCELL Technologies) to
evaluate the ability of PANX1-/- iPSCs to differentiate into cells

from all three germ layers in response to external pressures.
Despite the demonstrated lineage biases outlined above in
the passive embryoid body cultures, both qPCR and Western
blot demonstrate that PANX1-/- iPSCs effectively differentiate
into cells of all three germ lineages when cultured with the
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FIGURE 3 | PANX1 is expressed in cells from all three embryonic germ layers. (A) Schematic depicting 2D directed germ lineage differentiation. (B) qPCR analysis of
PANX1 mRNA expression in control human iPSCs as well as after directed differentiation into each of the three embryonic germ layers, ectoderm (ecto), mesoderm
(meso), and endoderm (endo). (C) Densitometric analysis of total PANX1 protein expression in iPSCs, ectoderm, mesoderm, and endoderm cells. (D) Representative
Western blots and (E) densitometric analysis of the three PANX1 glycosylation states. Gly0, non-glycosylated protein; Gly1, high mannose; Gly2, complex
carbohydrate addition. Data represent the standard error of the mean of 3-10 independent experiments. ns, no significance; *, p < 0.05; **, p < 0.01 compared to
iPSCs.
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FIGURE 4 | PANX1 is differentially localized in the three embryonic germ
layers. (A) Immunofluorescent evaluation of PANX1 (green) demonstrates
primarily cell surface localization in iPSCs, ectoderm and mesoderm with
lesser intracellular pools. Nuclei (Hoechst, blue); lineage markers (SOX2,
Nestin, Brachyury, magenta); Actin (phalloidin, red). (B) In endoderm cells
PANX1 is localized intracellularly where it partially overlaps with early
endosomes (EEA1, red; SOX17, magenta). Inset: regions of interest zoomed
in to highlight regional PANX1 localization. Brightness and contrast were
equally adjusted across conditions in FIJI. Scale bar = 50 µm.

Trilineage Differentiation Kit (Figure 7). Similar to what we
observed in the undifferentiated iPSCs, both PANX2 and GJA1
(Cx43) transcripts are expressed in the three germ layers but
are not upregulated in compensation for the loss of PANX1
during directed differentiation (Figure 8). Furthermore, PANX3
transcripts remained undetectable by qPCR in cells from all three
germ layers (data not shown). Therefore, although we find that
PANX1 influences germ layer specification, it is not essential
to this process.

DISCUSSION

Here we find that PANX1 protein is expressed in human iPSCs
as well as in cells of all three embryonic germ lineages: ectoderm,
endoderm, and mesoderm, further underlying the potential for
this protein to participate in cell fate specification. Despite being
dispensable for stem cell morphology, proliferation, and survival,
PANX1 does contribute to cell fate specification with exaggerated

mesendoderm cell abundance in spontaneously differentiated
PANX1-/- cultures compared to control. Having confirmed
PANX1 gene ablation through genotyping, immunofluorescence,
Western blot, flow cytometry and qPCR, we are confident that
our clonal knockout cells are indeed deficient in PANX1 protein.
However, we do occasionally detect non-specific bands in our
PANX1 Western blots. Depending on PANX1 expression and
total protein loaded onto gels, we have found that these non-
specific bands generally appear when longer exposure times
were necessary to capture sufficient PANX1 signal. However,
these bands were consistent across different samples and thus
considered non-specific.

The human protein atlas reports that PANX1 is widely
expressed in tissues arising from all three germ layers3 and
the many mouse studies conducted around the world have
highlighted how important murine PANX1 is in postnatal health
and disease. For example, PANX1 is reported to exacerbate
the spread of ischemic injury in mice following stroke via
the disruption of electrochemical gradients in neurons and
glial cell types (Chekeni et al., 2010; Bond and Naus, 2014).
Human PANX1 also has reported involvement in pathogen-
mediated activation of the caspase cascade by releasing ATP
which attracts phagocytic cells, resulting in the clearance of the
damaged/infected cells (Chekeni et al., 2010; Bond and Naus,
2014). On the other hand, HIV can use the PANX1 channel
to enter lymphocytes (Orellana et al., 2013) and once inside
the cell, the virus can elicit PANX1-mediated ATP release to
destabilize the cell membrane and ultimately facilitate viral
spread (Séror et al., 2011; Penuela et al., 2014). Surprisingly, few
studies have focused on human pannexin proteins or the role of
pannexins in early development. We are now able to uncover
how PANX1 signaling influences the earliest developmental
decisions through spontaneous and directed differentiation of
human iPSCs, and by modeling human tissue development using
PSC-derived organoids.

PANX1 is expressed in the human oocyte as well as the 2-
and 4-cell stage embryo (Sang et al., 2019). Human embryonic
stem cells and induced pluripotent stem cells have previously
been shown to express all three PANX transcripts (Hainz et al.,
2018). However, we only detect expression of PANX1 and
PANX2 and were unable to detect PANX3 in any of the stem
cell types that we evaluated. We also show that human iPSCs
express PANX1 protein, which is concentrated at the cell surface
of undifferentiated iPSCs with lesser amounts of intracellular
PANX1 populations. Furthermore, PANX1 expression persists
in cells of all three embryonic germ layers. Interestingly,
while PANX1 was primarily at the cell surface of iPSCs,
ectoderm and mesoderm cells, it was redistributed to intracellular
compartments in endoderm cells where it partially overlapped
with early endosomes. Prolonged increases in ATP can induce
PANX1 internalization to endosomal compartments (Boyce
et al., 2015). It remains unclear whether a similar mechanism
triggers PANX1 internalization during endoderm differentiation.
Intracellular PANX1 localization has been shown to correlate
with reduced PANX1 glycosylation. We see a similar trend here,

3https://www.proteinatlas.org/ENSG00000110218-PANX1/tissue
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FIGURE 5 | PANX1 knockout embryoid bodies exhibit skewed lineage specification. (A) Schematic depicting 3D embryoid body (EB) formation. (B) Control and
PANX1-/- iPSCs self-aggregate and form embryoid bodies. Scale bar = 200 um. (C) Gene expression analysis of control and PANX1-/- iPSCs as well as embryoid
bodies after 5 and 14 days of spontaneous differentiation. The heatmap was generated using the average 2−1CT data value (normalized to GAPDH) for each
condition using R Studio software with the ggplots. 2 package and row clustering. Transcripts for PANX3 were not detected at any point during differentiation. (D)
PANX1, PANX2 and GJA1 (Cx43) qPCR gene expression analysis of control and PANX1-/- iPSCs and embryoid bodies after 5 and 14 days of spontaneous
differentiation. (E) Lineage-specific gene expression of control and PANX1-/- iPSCs and embryoid bodies after 5 and 14 days of spontaneous differentiation. Bar
graph data presented as 2−11CT (fold change of iPSCs). Data represents the mean of 3-5 independent experiments. ∗, p < 0.05; ∗∗, p < 0.001; ∗∗∗, p < 0.0001
compared to starting iPSCs.
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FIGURE 6 | Immunofluorescent analysis of PANX1-/- embryoid bodies. (A) Immunofluorescence of ectoderm (Nestin, yellow; PAX6, gray), mesoderm (Brachyury,
green) and endoderm (SOX17, magenta) in control and PANX1-/- day 5 whole mount EBs. (B) After 14 days of differentiation, control and PANX1-/- EBs were
cryosectioned and evaluated for germ lineage expression. Equal brightness contrast enhancements were made in FIJI for picture clarity. Nuclei (Hoechst, blue). Scale
bar = 100 µm.

with PANX1 in endoderm cells exhibiting both decreased Gly1
and Gly2 and corresponding intracellular localization. However,
in the absence of glycosylation mutant studies, we are unable

to say definitively that the reduction in PANX1 glycosylation
drives intracellular redistribution. It remains to be seen what role
this intracellular PANX1 pool plays in endodermal tissues, but
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FIGURE 7 | Exogenous pressures override PANX1-/- lineage bias. qPCR gene expression analysis and Western blot of lineage-specific markers after directed
differentiation of control and PANX1-/- iPSCs into (A) ectoderm (NES, PAX6), (B) mesoderm (T (Brachyury), MIXL1, NCAM1) and (C) endoderm (SOX17, FOXA2).
Data represent the standard error of the mean of 3-4 independent experiments. ns, non-significant compared to control.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 April 2021 | Volume 9 | Article 659397139

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-659397 April 12, 2021 Time: 18:36 # 14

Noort et al. Pannexin 1 in Stem Cell Germ Layer Specification

FIGURE 8 | PANX2 and Cx43 do not compensate for PANX1 loss during germ lineage differentiation. qPCR analysis of (A) PANX2 and (B) GJA1 (Cx43) mRNA
expression in directed ectoderm, mesoderm, and endoderm cultures. Data presented as 2-1CT (fold change from GAPDH) and represent the standard error of the
mean of 3-8 independent experiments.

given that our PANX1-/- iPSCs exhibit enhanced endodermal
differentiation, removing this protein is clearly beneficial for
endodermal lineage commitment. One might suppose that
because endoderm cells internalize PANX1 they do not need a
functional PANX1 pool and might therefore benefit from PANX1
knockout. However, the same cannot be said for the mesoderm
cells, which retain PANX1 at the cell surface, and this germ
lineage is equally enhanced in PANX1-/- iPSCs.

Most of what is currently understood about pannexins
in stem cell fate specification arises from somatic (adult
or tissue-resident) stem cell studies. Pannexin signaling can
influence the self-renewal and differentiation of multiple
somatic stem cell types including osteoprogenitor cells, skeletal
myoblasts, and postnatal neuronal stem cells (Swayne and
Bennett, 2016; Ishikawa and Yamada, 2017; Pham et al., 2018).
PANX1 is implicated in neural precursor cell maintenance
and proliferation, while neuronal differentiation involves both

PANX1 and PANX2 (reviewed in Swayne and Bennett, 2016).
PANX1 specifically regulates neurite growth and dendritic spine
density in mice whereas PANX2 influences retinoic acid-induced
neurite extension (Swayne et al., 2010; Wicki-Stordeur et al.,
2012, 2016; Wicki-Stordeur and Swayne, 2013; Horton et al.,
2017; Xu et al., 2018). Meanwhile, PANX1 and PANX3 are both
expressed in mesodermal tissues such as bone and cartilage
and they have both been implicated in the regulation and
commitment of resident progenitor cell populations in mice
(Bond et al., 2011; Ishikawa and Yamada, 2017; Lee et al., 2018;
Pham et al., 2018). PANX1 is expressed in murine bone marrow-
derived stromal cells while PANX3 inhibits osteoprogenitor
cell proliferation and contributes to chondrocyte differentiation
(Bond et al., 2011; Ishikawa et al., 2014). In contrast to
these studies on adult progenitor cell populations, very little is
understood about pannexins in pluripotent stem cells, including
mouse and human ESCs or iPSCs.
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Human germline PANX1 mutations which cause decreased
protein abundance and trafficking defects lead to human oocyte
death and female infertility (Sang et al., 2019). This effect
can be mimicked using isolated mouse oocytes injected with
PANX1 mutant complementary RNA (cRNA). On the other
hand, PANX1 knockout mice remain fertile and continue to birth
average litter sizes. These observed differences in fecundity may
be due to inherent species differences, or in vitro versus in vivo
manipulations. We find that CRISPR-Cas9 genetic ablation of
PANX1 does not negatively impact human iPSC proliferation,
survival, or morphology. It is possible that PANX1 missense
mutations are more impactful than complete ablation due to as-
yet unknown gain of function properties or changes in protein
partner interactions. It would be interesting to examine whether
human iPSCs are amenable to insertion of human missense
mutations via gene editing or whether PANX1-/- iPSCs can
differentiate to primordial germ cells.

The most well-defined role of PANX1 is in the regulated
release of ATP through several mechanisms including mechanical
stress, membrane depolarization, changes in intracellular ion
concentration and others (Penuela et al., 2013). Autocrine
and paracrine signaling mechanisms triggered through cellular
release of ATP and ADP have reported trophic, differentiating,
and immunomodulatory effects and ATP signaling has been
linked to proliferation of mouse embryonic stem cell and several
postnatal progenitor cell populations (Heo and Han, 2006;
Cavaliere et al., 2015). Activated pannexin channels appear to
play a supporting role in augmenting purinergic receptor activity
through the release of extracellular nucleotides and nucleosides.
Additionally, PANX1 has been widely implicated in cell death
signaling (Chekeni et al., 2010; Penuela et al., 2014; Imamura
et al., 2020). Apoptotic induction through caspase activation
leads to cleavage of the PANX1 carboxyl-terminal tail, which
subsequently results in release of ATP and other small molecules
into the extracellular space. Although we have found that
iPSCs tolerate the loss of PANX1, follow up investigations are
necessary to determine whether the lineage bias that we have
presented here actually results from compromised ectodermal
lineage specification or due to altered proliferation or apoptosis
of certain germ layers within PANX1 null cells. The effect of
PANX1 on lineage specification may in fact be combinatorial as
we see increase mesendoderm gene expression while others have
reported selective loss of multipotent ectodermal progenitor cells
in PANX1 knockout mice (Wicki-Stordeur et al., 2016).

Human developmental disorders arise in part due to flawed
cell fate specification which can contribute to organ and tissue
dysfunction. Until we have a comprehensive understanding of
human development and cell fate decisions our capacity to
treat developmental disorders remains incomplete. Given the

ubiquitous expression of PANX1 in adult tissues, we expect one
or more aspects of human stem cell pluripotency or early lineage
specification to be affected by the loss of PANX1. Future studies
will uncover protein interacting partners and specific messenger
molecules involved in this process. Furthermore, it will be
interesting to determine whether PANX1 is similarly involved
in downstream specification of various terminally differentiated
cells or 3-dimensional organoid development.
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The cellular, molecular and functional comparison of neurons from closely related
species is crucial in evolutionary neurobiology. The access to living tissue and post-
mortem brains of humans and non-human primates is limited and the state of the tissue
might not allow recapitulating important species-specific differences. A valid alternative
is offered by neurons derived from induced pluripotent stem cells (iPSCs) obtained from
humans and non-human apes and primates. We will review herein the contribution of
iPSCs-derived neuronal models to the field of evolutionary neurobiology, focusing on
species-specific aspects of neuron’s cell biology and timing of maturation. In addition,
we will discuss the use of iPSCs for the study of ancient human traits.

Keywords: stem cell, model system, primate, neuroscience, brain evolution, comparative neurobiology, iPS cells

DISCOVERY AND USE OF iPSCs

The closest living relatives of modern humans are the great apes and among them, chimpanzees and
bonobos who’s lineages split from the last common ancestor with humans about 5-10 million years
ago (Pääbo, 2014). Historically, comparative studies of human and non-human primate brains have
been difficult due to ethical concerns regarding the use of primary tissue, its limited availability and
the lack of convincing model systems. To understand the differences between human and non-
human primate brains and their cognitive abilities, it is important to study morphological and
functional differences at the cellular level. As non-human great apes are acutely endangered and
the availability of primary tissue is limited, little can be learned and known from the cell biological
comparison to great apes. Encouragingly, the development of in vitro systems, including the use of
induced pluripotent stem cells (iPSCs), have expanded the range of comparative studies possible.
In 2006, Shinya Yamanaka’s research group made a groundbreaking finding: they discovered that
murine fibroblasts could be genetically engineered to a pluripotent, stem cell-like state (Takahashi
and Yamanaka, 2006). One year later they were successful in reprogramming human fibroblasts
(Takahashi et al., 2007).

Similar to embryonic stem cells (ESCs), iPSCs can differentiate into many different cell types,
for example neurons (Reubinoff et al., 2001; Zhang et al., 2001), insulin-producing beta cells
(Assady et al., 2001), cardiovascular cells (He et al., 2003), hematopoietic cells (Kaufman et al.,
2001; Chadwick et al., 2003), and many other cells of the human body (Williams et al., 2012),
or self-organize into complex three-dimensional structures containing multiple cell types that
resemble human tissues, called organoids (Lancaster and Knoblich, 2014; Clevers, 2016). These
stem cell-derived systems can be used to study disease-associated pathomechanisms in vitro,
test drugs, develop tissue replacement and patient specific therapies and to explore how natural
variation between humans and non-human primates impact development, cell biology and disease
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(Park et al., 2008; Marchetto et al., 2010; Lancaster et al., 2013;
Shcheglovitov et al., 2013; Arbab et al., 2014; Hinson et al., 2015;
Mora-Bermudez et al., 2016; Frega et al., 2019; Klaus et al., 2019).

In comparison to the use of ESCs and primary tissue, the use of
iPSCs poses less ethical concerns because easily accessible somatic
cells, like blood cells, keratinocytes, and buccal cells can be
harvested and reprogrammed into iPSCs from humans and non-
human primates without harming them. iPSCs are the only tool
of choice for comparative studies between humans and apes on
living tissue, because of the lack of ape ESCs lines and restricted
access to primary tissue. Early analysis of iPSCs differentiation
could demonstrate that both ESCs and iPSCs follow the same
steps and time course during differentiation. However, iPSCs
demonstrated a lower efficiency and greater variability when
differentiating into neural cells and suggests that individual iPSC
lines may be “epigenetically unique” (Hu et al., 2010).

In this review we give an overview of some recent studies in
which iPSCs were used to model brain maturation and evolution
in humans and non-human primates. Through these examples
we will illustrate how iPSCs have been successfully used to:
(1) model brain evolution, (2) study human-ape differences in
neuronal structure and function and (3) gain insight into brain
development of human extinct relatives, such as Neanderthals
and Denisovans using CRISPR/Cas genetic engineering.

BRAIN EVOLUTION IN A DISH

Cerebral Organoids as a Model System
for Human Brain Evolution
By taking up over three-quarters of the human brain, the cerebral
cortex is the integrative and executive center of the mammalian
central nervous system (Rakic, 2009; Fernández et al., 2016).
Differences in cognitive abilities between humans and non-
human primates are thought to depend on more complex
neural architectures that result from an increased number
of neurons and cerebral cortex size in humans (Herculano-
Houzel, 2012; Geschwind and Rakic, 2013). Several studies
have addressed the cellular and molecular basis of cognitive
differences focusing on neurogenesis, the process through which
neurons are generated during embryonic development. These
studies revealed that humans have expanded proliferative zones
and diverse subtypes of neural stem and progenitor cells with
enhanced proliferative capacities. All these features have the
potential to increase the final number of neurons and facilitate
neocortex expansion (Smart et al., 2002; Lui et al., 2011;
Borrell and Reillo, 2012; Namba and Huttner, 2017; Kalebic
and Huttner, 2020). Interestingly, especially area 10 of the
frontal lobe seems to be larger in the human brain compared
to the relative frontal lobe size in other apes. Thereby the
supragranular layers of area 10 in human brains offer more
space available for neuronal connections with other higher-order
association areas, suggesting specialized cognitive functions
associated with this part of the cortex during hominid evolution
(Semendeferi et al., 2001).

The development and differentiation of human and ape iPSCs
into diverse neuronal systems made comparative studies between

species possible and helped partially fill this gap of knowledge. 2D
(e.g., induced neurons) and 3D systems (e.g., brain organoids)
of humans and non-human apes have recently emerged as an
exciting new experimental model, allowing sophisticated analyses
of the early steps of brain development in health and disease and
of how development has changed during evolution (Lancaster
et al., 2013; Lancaster and Knoblich, 2014; Camp et al., 2015;
Otani et al., 2016; Klaus et al., 2019; Pollen et al., 2019; Kyrousi
and Cappello, 2020).

3D systems such as human cerebral organoids were shown
to recapitulate fetal brain tissue at the cellular level as they use
similar gene networks controlling neural progenitor proliferation
and differentiation and similar genetic programs to generate a
structured cerebral cortex (Camp et al., 2015). When human
cerebral organoids have been compared to cerebral organoids of
chimpanzee, they were found to be remarkably similar in terms
of their cytoarchitecture, cell type composition, and neurogenic
gene expression (Mora-Bermudez et al., 2016). Despite the
similarities, human apical progenitors (APs; the founders stem
and progenitor cells of the brain) were reported to have a
longer prometaphase-metaphase length and a higher proliferative
capacity (Mora-Bermudez et al., 2016), suggesting a possible
contribution to the increase in the human neocortex size. In line
with these findings, a recent report suggests a higher proliferative
capacity of human forebrain organoid APs compared to those
of gorilla organoids (Benito-Kwiecinski et al., 2021). The human
organoids were found to be bigger in size and showed expanded
lumens in comparison to the gorilla organoids. The authors
explained this observation by a delay, in the human organoids
relative to gorilla, in the switch from symmetrically expanding
neuroepithelial (NE) cells to neurogenic apical radial glia (aRG)
cells. The higher proliferative capacity was directly linked to
the ability of human APs to remain longer in a NE-like state
(Benito-Kwiecinski et al., 2021) (Figure 1, organoids).

The systematic comparative analysis of human, ape and
primate organoids via single cell RNA sequencing (scRNAseq)
led to the identification of human-specific features of cortical
development. Pollen et al. (2019) identified differentially
expressed genes in human organoids enriched for recent gene
duplications, including multiple regulators of PI3K-AKT-mTOR
signaling possibly contributing to human brain development
and evolution. Of note, the mTOR pathway promotes stemness
and stem cells self-renewal, and it is therefore an appealing
candidate for cortical expansion (Rafalski and Brunet, 2011;
Zou et al., 2012). From a cell biological point of view, one
feature appeared to distinguish human cerebral organoids from
chimpanzee organoids: the length of APs metaphase, that is
longer in human proliferating APs compared to chimpanzee
(Mora-Bermudez et al., 2016) (Figure 1, organoids).

By analyzing cerebral organoids of human, chimpanzee and
macaque using scRNAseq and accessible chromatin profiling
Kanton et al. found a slower neuronal development in
human organoids relative to primates. In addition, human and
chimpanzee cells followed distinct cell states along progenitor-
to-neuron lineages, identified by a progression through stem cell
states, progenitor cells of multiple brain regions including the
forebrain, midbrain, hindbrain, and retina into differentiation
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FIGURE 1 | Summary of neuronal phenotypes observed in human and ape neuronal models. The figure shows the differentiation of induced pluripotent stem cells
(iPSCs) into cerebral organoids (Mora-Bermudez et al., 2016; Kanton et al., 2019; Pollen et al., 2019; Benito-Kwiecinski et al., 2021), neural progenitors (NPCs)
(Otani et al., 2016), neurons via NPCs (Marchetto et al., 2019), and directly induced neurons (Schörnig et al., 2021). (Bottom) Observed neuronal phenotypes in the
respective neuronal system and their uniqueness in either humans or non-human apes. iPSC, induced pluripotent stem cells; EB, embryoid body; NPC, neuronal
progenitor; NGN2, neurogenin-2.

of excitatory and inhibitory neurons and astrocytes. The
developmental timing of deep and upper layer neurons was
found to be different between the species. To understand
which human-specific gene-expression patterns observed in the
developing cortex persist into adulthood, the organoid expression
data were compared to single-nuclei RNA-seq data from
post-mortem prefrontal cortex tissues of human, chimpanzee,
bonobo and macaque. Some of the differences observed during
development persisted into adulthood, as in the case of astrocytes
having the largest number of human-specific differentially
expressed genes. Other cell-state-specific changes were found
that occur exclusively during development (Kanton et al., 2019)
(Figure 1, organoids).

These subtle differences in organoid progenitors and neurons
between humans and chimpanzees may have consequences
for expansion of the human neocortex and suggest a slower
development and maturation of human cortical neurons
compared to chimpanzee and other primates.

Studying Human-Ape Differences Using
iPSCs Derived Neurons
While cerebral organoids allow researchers to take a closer
look to brain development and the generation of neurons, the
differentiation from iPSCs toward specific neuronal and glia

subtypes [including excitatory and inhibitory neurons, astrocytes,
oligodendrocytes, and microglia, see Mertens et al. (2016)] allows
to model and study evolutionary aspects of neuronal maturation
and neuronal output.

Otani et al. made use of differentiating human, chimpanzee
and macaque stem cells in 2D (adherent cells) and 3D (organoid)
neuronal systems and show that the expansion of the neuronal
progenitors differed between the three species, leading to a
different final number of neurons. The control of the cortical
neuron number generated by a single progenitor is regulated
cell autonomously in culture, suggesting that primate cerebral
cortex size might be regulated at least in part at the level of
individual cortical progenitors (Otani et al., 2016) (Figure 1,
neural progenitors).

The use of iPSCs-derived neurons has offered the unique
opportunity to give a closer look at the dynamics of neuronal
development and maturation. By using iPSCs-derived human
pyramidal neurons researchers have recently found that human
pyramidal neurons have an overall slower structural and
functional maturation over time, resulting in a higher dendrite
complexity and dendritic spine density compared to their
chimpanzee counterpart (Marchetto et al., 2019) (Figure 1,
neurons via NPCs).

A further refinement in iPSCs-derived neurons allows to
obtain neurons directly from iPSCs, without the transition
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through neuronal progenitor cells (NPCs) (Zhang et al., 2013;
Frega et al., 2017; Nehme et al., 2018; Nickolls et al., 2020).
In contrast to the differentiation of neurons based on NPCs,
direct conversion protocols can be a fast tool to generate
neurons by bypassing proliferating NPCs, thus eliminating
the influence of cell cycle as a possible confounding factor.
When this system was used to study and compare directly
maturation and differentiation of human and ape neurons,
human neurons were found to develop slower than ape neurons
from a functional and transcriptional point of view. Since in this
system cell cycle is no longer a confounding factor, the authors
suggested that the slower maturation of human neurons is a cell
intrinsic property of the human neurons (Schörnig et al., 2021)
(Figure 1, directly induced neurons); a summary of the observed
phenotypes in human and ape neuronal models is shown in
Figure 1.

The findings obtained using iPSCs-derived neurons are
compatible with postmortem studies of human and primate
brains showing that the human brain develops more slowly
than the brain of other primates (neoteny) and suggest that
the human brain shows signs of changes in timing and rate
of developmental events (heterochrony). Heterochrony and
neoteny of the human brain development, in comparison to
mouse and non-human primates, has been reported using
different experimental systems (primary tissue, organoids, 2D
culture, and transplantation experiments) at different levels,
ranging from the overall neuronal structure, to dendritic spines
and the transcriptomic level (Somel et al., 2009; Petanjek et al.,
2011; Zhu et al., 2018 ; Kanton et al., 2019; Linaro et al., 2019).

The heterochrony is considered to have important
consequences on the neuron maturation and on neuron’s
complexification, as demonstrated for pyramidal neurons
(Benavides-Piccione et al., 2006; Defelipe, 2011; Espuny-
Camacho et al., 2013; DeFelipe, 2015; Linaro et al., 2019).
Comparative Golgi staining showed that pyramidal neurons
undergo a prolonged period maturation resulting in a more
complex and intricated dendritic tree in humans compared to
chimpanzees and other primates (Bianchi et al., 2013a,b). Given
the role of pyramidal neurons in the evolution of higher cognitive

functions, a higher degree of branching in humans could provide
the basis for higher integration and computation’s ability.

Induced Pluripotent Stem Cells Derived
Neurons and the Dawn of Experimental
Paleo-Neurobiology
Comparative analyses of human and ape neuronal systems
shed light on neuronal changes occurring during evolution and
increased the interest in studying evolution on the human lineage
in different time windows and in different cell types. The iPSCs-
derived brain organoids and neurons offer unique tools to model
and study also ancient human neurons and brain (at least in the
form of mini-brains/organoids).

The availability of high-quality genomes from ancient
hominins (Meyer et al., 2012; Prüfer et al., 2014, 2017; Mafessoni
et al., 2020) made it possible to compare the genomes of
modern humans and ancient hominids and rose questions about
phenotypic changes during evolution between different human
species. The comparison of the genomes of present-day people
to the genomes of Neanderthals (Prüfer et al., 2014, 2017;
Mafessoni et al., 2020) and Denisovans (Meyer et al., 2012) led
to the generation of a catalog (Kuhlwilm and Boeckx, 2019;
Heide, 2020) of 31,380 single nucleotide substitutions and 4,113
small insertions and deletions that are shared among >99.8% of
modern humans and differ from the last common ancestor with
Neanderthals and Denisovans (Pääbo, 2014). Genetic engineering
tools, like gene editing, make it now possible to study such
changes and their involvement in disease and evolution. By
editing the genomes of human iPSCs one would be able to
systematically study the functional consequences of the genomic
changes that set modern humans apart from their closest
evolutionary relatives, such as apes and archaic humans [see the
recent example of NOVA1 (Trujillo et al., 2021)].

One drawback of genome editing is the limit of introducing
many precise nucleotide changes on many different
chromosomes at once. So far precise editing is possible for
up to four genes simultaneously (on eight chromosomes) in the
same cell (Riesenberg et al., 2019). Considering the high number

FIGURE 2 | Addressing the neurobiology of recent human history using iPSCs. Human pluripotent stem cells (iPSCs) carrying natural or introduced (via
CRISPR-Cas9 genome editing) Neandertal or Denisovan ancestry can be differentiated into various 2D-cell systems and 3D-organoids types to generate
“ancestralized” cells and tissues like brain, lung, liver, heart, pancreas, and intestine (Dannemann et al., 2020).
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of changes on the human lineage and the possible drawbacks
of off-target effects introduced during each step of editing,
additional model systems could present themselves as attractive
alternatives. One appealing alternative is represented by the use
of human iPSCs repositories. Genomics studies showed that a
portion of the genome from present-day humans outside Africa
originates from an ancient admixture between modern humans
and archaic humans. This admixture introduced Neanderthal
and Denisovan alleles that are still present in humans today
(Meyer et al., 2012; Prüfer et al., 2014; Slon et al., 2018) and
that are carried on in human iPSCs derived from present day
individuals (Dannemann et al., 2020) (Figure 2).

Induced pluripotent stem cells repositories offer a great
potential to explore experimentally human and ancestral
functional variation and its contribution to human phenotypes
and disease. Recent studies begun to investigate the effects of
these introgressed archaic genetic variants on modern human
phenotypes such as pain sensitivity (Zeberg et al., 2020a),
progesterone receptor expression levels (Zeberg et al., 2020b) and
COVID-19 severity (Zeberg and Pääbo, 2020).

The protocols to differentiate iPSCs in neuronal systems
make it now possible to study genetic changes exerting effects
in the nervous system. For example, one genetic change
between modern and archaic humans potentially involved in
speech development was identified in the binding site for the
transcription factor POU3F2 (Maricic et al., 2013) and could be
investigated in differentiated neuronal systems.

CONCLUSION AND FURTHER
PERSPECTIVES

To summarize, iPSCs offer a great tool for research on topics
where the availability of tissue is a limiting factor, for ethical
(apes) or practical reasons (ancient humans). While planning
experiments, one should keep in mind the possible limitations
of the iPSCs-derived systems. For 3D systems, the proportion of
different stem cells types in organoids can differ from primary
tissue, possibly for reasons related to the culture conditions
(Heide et al., 2018). In addition, the lack of vascularization
and the presence of a cell stress status (Pollen et al., 2019) are
parameters that might generate differences to the primary tissue.
Of note, these parameters have the potential to affect the species
comparison. In a recent study, researchers tried to overcome
some of these variabilities by fusing human and chimpanzee
induced pluripotent stem cells to generate tetraploid hybrid stem
cells and in turn hybrid organoids (Agoglia et al., 2021).

For iPSCs-derived neuron systems, one cannot rule out that a
fast maturation protocol (as in the case of iNs) could skip crucial
step(s) required for precise neuronal fate specification. We and
others recently reported a high degree of cell heterogeneity in iNs
cultures (Lin et al., 2020; Schörnig et al., 2021). The systematic
use of scRNAseq and immunofluorescence for fate markers
revealed that in a single iNs culture several fates/identities
are represented: central, peripheral, sensory, and pyramidal.
Although cell heterogeneity can be beneficial in comparative
studies, it might pose challenges in translational research, as the
perfect control of cell composition is key for clinical applications.
Despite these limitations, iPSCs-derived neuron and organoid
protocols allowed to dissect with an unprecedented precision
basic principle underlying neuronal development and maturation
in phylogeny. De facto, the iPSCs revolution allows us to address
questions we could not have addressed otherwise. The possibility
to control iPSCs to generate different neuron subtypes, and
the fact that they are so easily accessible, make them an ideal
experimental system for future studies of the evolutionary cell
biology of neurons. Since the central nervous system is made
not only by neurons, but also by astrocytes and other glial
cells that tightly interact with neurons, one should expect that
these 2-D systems will be of a great help to model evolutionary
differences in astrocytes and/or oligodendrocytes as well. In
addition, mixed cultures of iPSCs-derived neurons and glial
cells might offer a unique opportunity to study the evolution of
cell-to-cell interaction and cross talk in human and ape brains.
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The neocortex is the largest part of the cerebral cortex and a key structure involved
in human behavior and cognition. Comparison of neocortex development across
mammals reveals that the proliferative capacity of neural stem and progenitor cells
and the length of the neurogenic period are essential for regulating neocortex size and
complexity, which in turn are thought to be instrumental for the increased cognitive
abilities in humans. The domesticated ferret, Mustela putorius furo, is an important
animal model in neurodevelopment for its complex postnatal cortical folding, its long
period of forebrain development and its accessibility to genetic manipulation in vivo.
Here, we discuss the molecular, cellular, and histological features that make this
small gyrencephalic carnivore a suitable animal model to study the physiological
and pathological mechanisms for the development of an expanded neocortex. We
particularly focus on the mechanisms of neural stem cell proliferation, neuronal
differentiation, cortical folding, visual system development, and neurodevelopmental
pathologies. We further discuss the technological advances that have enabled the
genetic manipulation of the ferret in vivo. Finally, we compare the features of neocortex
development in the ferret with those of other model organisms.

Keywords: ferret (Mustela putorius furo), neocortex, brain development, brain evolution, cortical folding, neural
stem/progenitor cells

INTRODUCTION

The ferret (Mustela putorius furo) is a small carnivore, domesticated more than 2000 years ago
(Davison et al., 1999). There are three principal reasons that have allowed ferret to become a
major model organism in developmental neurobiology. First, the ferret is characterized by an
expanded and folded neocortex and a diversity of proliferative neural stem and progenitor cells
(Kawasaki, 2014; Fernandez et al., 2016; Kalebic et al., 2019). These features are generally accepted
to be fundamental for the evolutionary expansion of the neocortex, which in turn is considered
to underlie the increased cognitive abilities of humans (Rakic, 2009; Dehay et al., 2015; Fernandez
et al., 2016; Sousa et al., 2017; Kalebic and Huttner, 2020). Hence the ferret is used as an animal
model to study the evolutionary expansion of the neocortex and those aspects of human brain
development that cannot be modeled in organisms with a small brain, such as rodents.

Second, the ferret is born with an immature brain and many of its neurodevelopmental
processes, such as cortical folding (gyrification), protract into the first weeks of postnatal life
(Barnette et al., 2009; Sawada and Watanabe, 2012). From a practical side, this makes the ferret
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a more amenable animal model for the study of such processes,
than those organisms in which the same processes happen in
utero, notably primates. Moreover, as its eyes open only after
postnatal day (P) 30, ferret is a suitable model system for studying
the early development of the visual system and the role of sensory
experience therein (Roy et al., 2018).

Third, the ferret is an established model organism for various
human pathological conditions, as it shows similarities not only
with the human neurodevelopment, but also with the human
immune response (Enkirch and von Messling, 2015). Thus, it
has been used to model respiratory and neurological infections,
along with neurodevelopmental malformations and brain injury.
Finally, ferrets very closely mimic the infection and transmission
of SARS-CoV-2, suggesting they could be used as animal models
for both the respiratory and neurological aspects of COVID-19
(Kim et al., 2020; Richard et al., 2020; Shi et al., 2020).

The ferret has been used in research for more than 100 years
(Yeates, 1911) and it exhibits several features that make it a
convenient laboratory animal. These include a large average litter
size of eight kits and a fairly short gestation period of 40–
42 days (Lindeberg, 2008). Importantly, the ferret is a genetically
accessible model system. Its genome has been sequenced (Peng
et al., 2014) and several different methods that enable acute
genetic manipulation in the embryonic and postnatal brain are
available (Borrell, 2010; Kawasaki et al., 2012). Finally, ferret
transgenesis has recently been established (Johnson et al., 2018;
Yu et al., 2019). In this review we discuss those features of the
ferret neurodevelopment that make this animal an important
model system for the study of cell biology of neural progenitors,
neuronal differentiation and migration, mechanisms underlying
gyrification, development of the sensory systems and human
pathologies pertinent to the central nervous system.

NEOCORTEX DEVELOPMENT

The mammalian neocortex develops from the dorsolateral part
of the telencephalon at the rostral-most part of the neural
tube (Rakic and Lombroso, 1998; Taverna et al., 2014). At very
early stage of neocortical development, the neuroepithelial cells
(NECs) surround the central canal and the cerebral ventricles
(Taverna et al., 2014). Once cortical neurogenesis starts, NECs
give rise to apical radial glia (aRG), the main type of apical
progenitors (Taverna et al., 2014; Figure 1). aRG reside in a
dense and highly packed pseudostratified germinal layer, the
ventricular zone (VZ) (Figure 1). The asymmetric proliferative
division of aRG gives rise to the second major class of progenitor
cells, basal progenitors (BPs), that will migrate basally to form
the subventricular zone (SVZ) (Taverna et al., 2014; Figure 1).
In species with an expanded and folded neocortex, such as
ferret and human, the SVZ is further divided into inner
SVZ (iSVZ) and outer SVZ (oSVZ), with the latter being
particularly rich in highly proliferative BPs (Smart et al., 2002;
Dehay et al., 2015; Fernandez et al., 2016; Figure 1). Further
basally to the SVZ are the transient intermediate zone (IZ),
that will form the white matter, the transient subplate (SP)
and the cortical plate (CP) (Figure 1), which will form the

six-layered neocortical gray matter, a hallmark of the adult
mammalian neocortex.

Newborn projection neurons migrate from the site of their
origin in the germinal zones to their final destination in the
CP using the radial processes of radial glia (Evsyukova et al.,
2013; Buchsbaum and Cappello, 2019; Silva et al., 2019). The
mammalian CP is built in an inside-out fashion with the newborn
neurons migrating past those already present in the CP to a more
superficial (basal) position. Therefore, neocortical layers VI and
V, also known as deep layers, are generated first, whereas the
layers IV, III, and II, called upper layers, are generated later. The
notable exception is the layer I which is situated under the pia
and forms first by the Cajal-Retzius pioneer cells (Angevine and
Sidman, 1961; Rakic, 1972; Bayer and Altman, 1991; Yamazaki
et al., 2004; Molnar et al., 2006; Molyneaux et al., 2007; Franco
and Muller, 2013; Lodato and Arlotta, 2015).

EVOLUTIONARY EXPANSION OF THE
NEOCORTEX

Although the neocortex is present in all mammals, its size
has been subjected to evolutionary differences within various
mammalian orders (Molnar et al., 2006; Krubitzer, 2007; Rakic,
2009; Kaas, 2013; Kalebic et al., 2017). For example, in mouse the
neocortex is small and smooth, whereas in human, macaque and
ferret, the neocortex underwent an enlargement. The neocortical
expansion was disproportionally greater in the tangential axis,
which led to the characteristic cortical folding (gyrification),
i.e., formation of gyri and sulci, on the basal side of the tissue
(Rakic, 2009; Zilles et al., 2013; Fernandez et al., 2016). Thus,
gyrification is thought to come as an evolutionary solution
to the outstanding growth of the neocortex and necessity to
accommodate additional neurons (Zilles et al., 2013; Borrell,
2018; Kroenke and Bayly, 2018). In addition to the increase in
surface area, the neocortical expansion concerns also an increase
in thickness (Molnar et al., 2006; Rakic, 2009), which is most
pronounced in the neocortical layers II and III (also known as
supragranular layers). The thickness of those layers is doubled
in primates compared to rodents, with carnivores, such as the
ferret, showing intermediate characteristics (Hutsler et al., 2005).
Moreover, the thickness of the transient SP compared to the
CP thickness is increased in primates versus carnivores and in
both primates and carnivores compared to rodents (Kostovic
and Rakic, 1990; Molnar et al., 2019; Kostovic, 2020). The ferret
SP thickens in regions corresponding to future gyri, whereas
it becomes thinner in prospective sulci (Smart and McSherry,
1986a,b). The ferret SP finally disappears when gyri reach their
maximum development (Smart and McSherry, 1986a,b). In light
of this and the fact that the complexity of SP is increased in
species with a folded cortex, it has been suggested that the SP is
linked to gyrification (Rana et al., 2019).

An increase in neuronal production is thought to be the key
factor underlying the evolutionary expansion of the neocortex.
Such increase is a consequence of the increased proliferative
capacity of neural progenitor cells and the resulting extension
of the neurogenic period (Molnar et al., 2006; Rakic, 2009;
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FIGURE 1 | Evolutionary expansion of the neocortex. Ferret and human develop an expanded and folded neocortex, whereas the mouse is characterized by a small
and smooth neocortex. The key features of the former are a high abundance of basal progenitors (BP) and particularly basal radial glia (bRG), their morphological
heterogeneity, distinction of iSVZ and oSVZ, existence of the inner fiber layer (IFL) and a tangential migration of projection neurons through the germinal zones,
intermediate zone (IZ), and subplate (SP) to their final position in the CP.

Borrell and Reillo, 2012; Dehay et al., 2015; Kalebic et al., 2017;
Sousa et al., 2017). Among the neural progenitor cells, BPs are
widely considered to be instrumental for the increased neuronal
production. In species with a small and smooth neocortex, such
as mouse, BPs have a low proliferative capacity, typically dividing
only once to give rise to two neurons (Haubensak et al., 2004;
Miyata et al., 2004; Noctor et al., 2004; Figure 1). Conversely, they
have a higher proliferative capacity and are hence more abundant
in species with an expanded and folded neocortex, such as ferret
and primates (Fietz et al., 2010; Hansen et al., 2010; Reillo et al.,
2011; Betizeau et al., 2013; Kalebic et al., 2019; Figure 1).

Basal progenitors can generally be divided into two subclasses:
basal intermediate progenitors (bIPs) and basal radial glia (bRG,
also known as outer radial glia or oRG), with the latter being
particularly instrumental for the neocortical expansion (Fietz and
Huttner, 2011; Lui et al., 2011; Borrell and Reillo, 2012; Figure 1).
bRG show a significant difference in their proliferative capacities
and morphologies across mammals (Kalebic and Huttner, 2020).
In mouse, they are scarce and have a low proliferative capacity,

whereas in primates and ferret, bRG are more abundant and
have a greater proliferative capacity (Fietz and Huttner, 2011;
Lui et al., 2011; Borrell and Reillo, 2012; Kalebic et al., 2017).
In terms of morphology, mouse bRG are mainly monopolar
and contain a single basal process (Shitamukai et al., 2011;
Wang et al., 2011) with only a small fraction of cells exhibiting
an apically directed process (Wong et al., 2015; Kalebic et al.,
2019; Figure 1). bRG in gyrencephalic species were originally
also described as monopolar cells with a single basal process
(Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011).
However, further studies revealed larger heterogeneity with the
presence of both bipolar cells and monopolar cells with an
apically directed process (Betizeau et al., 2013; Reillo et al.,
2017; Kalebic et al., 2019; Figure 1). Importantly, bRG with
two basal processes together with a presence or absence of an
apically directed process have been reported in human and ferret,
but not in mouse developing neocortex (Kalebic et al., 2019;
Figure 1). BP morphology has been proposed to be an important
underlying factor for the evolutionary expansion of the neocortex
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(Kalebic and Huttner, 2020) as the progenitors containing more
processes are more proliferative and enriched in species with an
expanded neocortex (Betizeau et al., 2013; Kalebic et al., 2019).

The prolonged neurogenesis has been suggested to be a
consequence of a higher proliferative rate of BPs in animals
with an enlarged neocortex. Whereas neurogenesis in mouse
lasts ∼9 days, in primates it is 10 times longer and in ferrets it
proceeds for ∼5 weeks (Jackson et al., 1989; Noctor et al., 1997;
Kornack and Rakic, 1998; Smart et al., 2002; Martinez-Cerdeno
et al., 2006). The length of neurogenesis is partially linked to
the length of the neural progenitors’ cell cycle, which in mouse
is on average 18.5 h (Calegari et al., 2005; Arai et al., 2011), in
ferret on average 44 h (Reillo and Borrell, 2012; Turrero Garcia
et al., 2015), and in macaque 45 h (Betizeau et al., 2013). A large
heterogeneity of ferret neural progenitors is reflected also in the
cell cycle duration, with the main difference being the duration of
the S-phase (Reillo and Borrell, 2012; Turrero Garcia et al., 2015).
The length of the neurogenic period has been proposed to be a
particularly important factor of the neocortex expansion within a
specific lineage, that is when the neurogenic program is the same
(Lewitus et al., 2014). For example, the increase in the length of
the neurogenic period has been suggested to be a key factor in
the three-fold increase in neocortex size between chimpanzee and
human (Lewitus et al., 2014).

FERRET NEOCORTEX DEVELOPMENT

Onset and Progression of Neurogenesis
Ferret SP neurons are generated between the embryonic day (E)
20 and E27 (Jackson et al., 1989; Antonini and Shatz, 1990),
whereas the neocortical neurogenesis starts approximately at
E22 with the production of neurons of layer VI in the parietal
lobe (Noctor et al., 1997; Smart et al., 2002; Barnette et al.,
2009; Martinez-Cerdeno et al., 2012; Figure 2A). Compared to
rodents, neurogenesis in ferrets starts relatively earlier, which is a
distinctive trait of all altricial (born in an underdeveloped state)
mammals (Workman et al., 2013). As in other mammals, ferret
neocortical neurogenesis proceeds in a rostro-lateral to caudal-
medial direction due to the transverse neurogenic gradient.
For example, by E29 neurons are already populating the CP
in areas rostral to the occipital lobe (McSherry and Smart,
1986), whereas neurogenesis in the prospective visual cortex
only starts between E30 and E31 (Jackson et al., 1989). The
heterochronicity in generation of upper-layer neurons among
different cortical areas can be best appreciated by comparing the
data on the prospective somatosensory and visual cortices. In the
somatosensory area, the production of neurons belonging to layer
IV starts at E33 and continues for 3 days, whereas the generation
of supragranular neurons covers the last days of gestation, with
very few neurons of layer II produced at P1 (Noctor et al., 1997,
1999). The primary visual cortex (A17 or V1) and the visual
association area (A18 or V2) have a thicker layer IV, which is
reflected by the layer IV neurogenic period lasting 8 days and
ending at P1. Moreover, supragranular neurons in these areas
are produced almost exclusively postnatally, finishing at P14
(Jackson et al., 1989).

Neocortex Expansion: oSvz and Bps
During its embryonic development, the ferret contains all the
histological and cell biological features required to build an
expanded neocortex (Figure 1). First, it has a thick SVZ which
splits into the iSVZ and oSVZ at E33 (Reillo and Borrell, 2012;
Martinez-Martinez et al., 2016). Second, it has a high abundance
of bRG, the progenitor type most prominently implicated in
the neocortical expansion (Reillo et al., 2011; Borrell and Reillo,
2012; Kalebic et al., 2019). Third, it contains all the variety of
bRG morphotypes that can be found in human (Kalebic et al.,
2019). Collectively, these features enable the development of a
folded neocortex with expanded supragranular layers. Similarly
to human, ferret BPs comprise roughly 50% bIPs and 50% bRG
(Fietz et al., 2010; Kalebic et al., 2019). Like in other studied
mammals, ferret neurogenic bIPs express the transcription
factor Tbr2 and lack processes during mitosis, whereas ferret
proliferative bRG are characterized by the expression of Sox2
and Pax6, by the absence of immunoreactivity for Tbr2, and the
maintenance of long radial processes during mitosis (Fietz et al.,
2010; Reillo et al., 2011; Kalebic et al., 2018, 2019).

Gliogenesis
Ferret gliogenesis starts during the last 4 days of the
embryonic development (E38–E41) concomitantly with the peak
of neurogenesis (Voigt, 1989; Reillo et al., 2011; Figure 2A).
Similar overlap of the neurogenic and gliogenic period is
characteristic for the neocortex development of other species with
an expanded neocortex, notably macaque and human (Zecevic
et al., 2005; Rash et al., 2019). However, in species with a
small neocortex, such as mouse, these processes are sequential,
that is gliogenesis takes place after neurogenesis (Kriegstein and
Alvarez-Buylla, 2009). At E38 ferret neural progenitors start
expressing the oligodendrocyte transcription factor 2 (Olig2),
marker of oligodendroglial progenitors (Reillo et al., 2011). The
abundance of Olig2+ cells increases during the first postnatal
week and starts decreasing by P14. The astrocytic marker, glial
fibrillary acidic protein (GFAP), starts to be detected at P0 and the
abundance of GFAP+ cells peaks during the first two postnatal
weeks of life (Voigt, 1989; Reillo et al., 2011). It is important
to note that in carnivores, GFAP is expressed by both radial
glial cells when they switch to astrogliogenic fate and by mature
astrocytes (Voigt, 1989; Reillo et al., 2011).

Neuronal Migration and the End of
Neurogenesis
Similar to the onset of neurogenesis, the termination of neuronal
production follows rostro-caudal and latero-medial gradients.
Whereas in the prospective somatosensory cortex production
of neurons is largely completed at birth, in the visual cortex
neurogenesis was reported to protract for 2 weeks postnatally
(Jackson et al., 1989; Noctor et al., 1997; Figure 2A). Neuronal
migration, however, continues postnatally in all brain regions.
The majority of prenatally generated neurons reaches their final
position in the CP within the first postnatal week, whereas the
migration of postnatally generated neurons continues into the
second week of life (Jackson et al., 1989; Noctor et al., 1997).
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FIGURE 2 | Ferret neocortex development. (A) Schematic timeline showing key processes in the ferret neocortex development and the timing of the eye opening.
(B) Scheme of development of the ferret cortical folding from P4, when the first indentation is visible, until P42, the fully mature stage (on all schemes, rostral is left
and dorsal is up). Intermediate P10 and P21 stages are also shown. Upper part shows main sulci (in the clockwise order, P42): as, ansinate sulcus; ls, lateral sulcus;
sss, suprasylvian sulcus; pss, pseudosylvian sulcus; rhs, rhinal sulcus; prs, presylvian sulcus; rf, rhinal fissure; crs, cruciate sulcus; cns, coronal sulcus. Lower part
shows main gyri (in the clockwise order, P42): PSG, posterior sigmoid gyrus; LG, lateral gyrus; SSG, suprasylvian gyrus; MEG, medial ectosylvian gyrus; PEG,
posterior ectosylvian gyrus; AEG, anterior ectosylvian gyrus; CNG, coronal gyrus; OBG, orbital gyrus; PRG, proreal gyrus; ASG, anterior sigmoid gyrus. (C) Principal
cortical areas in the ferret. Red, frontal area (PFC, prefrontal cortex; PMC, premotor cortex; M1, primary motor cortex); Green, temporal area (A1, primary auditory
cortex; A2, secondary auditory cortex; A3, tertiary auditory cortex); Blue, parietal area (S1, primary somatosensory cortex; S2, secondary somatosensory cortex;
MRSS, medial rostral suprasylvian area); Violet, occipital area (V1, primary visual cortex or area 17); OB, olfactory bulb.
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This is particularly relevant for the upper-layer neurons, as,
for example, in the somatosensory cortex at P1 those neurons
are still migrating to their final position (Noctor et al., 1997).
Neocortical neurons migrate along the radial processes of radial
glia. In lissencephalic species, such as mouse, this migration is
radial. In ferret and other gyrencephalic species the neocortical
neurons display a tortuous manner of migration which enables
tangential dispersion of neurons, that in turn is needed to form
the gyri (Gertz and Kriegstein, 2015). At later stages of neocortex
development ferret neurons switch from radial to tangential
migration, which is accompanied by a sequential use of several
different radial glial processes (Gertz and Kriegstein, 2015).

Synaptogenesis
Synaptogenesis in the ferret starts as soon as migrating neurons
reach their final position in the CP (Voigt et al., 1993).
Synaptophysin, an indicator of synapse formation, first appears
in germinal zones of the prospective visual cortex at E34 (Reillo
et al., 2017; Figure 2A). Postnatally, synaptophysin levels reduce
in germinal zones and increase in the CP concomitantly with
the arrival of migrating neurons, suggesting that synapses are
formed in a given layer shortly after the cells reach it. As
with other aspects of neocortex development, synaptogenesis is
characterized by a rostro-caudal and a latero-medial gradients
(Voigt et al., 1993; Herrmann, 1996).

Cortical Folding and Morphological
Maturation
The ferret is born lissencephalic, that is with a smooth
brain, and the folding process takes place during the first
month of life (Smart and McSherry, 1986a,b; Neal et al.,
2007; Barnette et al., 2009; Sawada and Watanabe, 2012;
Figures 2A,B). The first visible indentation appears at P4
(Neal et al., 2007; Sawada and Watanabe, 2012; Figure 2B).
At this stage, the ferret shows many characteristics of a
predominantly immature brain, as the lateral ventricles are
still large and the SVZ is quite pronounced. Hence, this stage
of ferret brain development is considered to correspond to
the period between the gestation weeks (GW) 16 and 20 of
the human fetal development, that is when the primary sulci
emerge (Lohmann et al., 1999; Barnette et al., 2009). During
the next few postnatal weeks of the ferret development, the
lateral ventricles shrink, the SVZ becomes less prominent and
the CP thickens (Barnette et al., 2009). These features of the
morphological maturation of the ferret brain follow both rostro-
caudal, and latero-medial gradients. Moreover, they are similar
to, but simpler than the patterns seen in the human brain
during the second and third trimester of gestation (Barnette
et al., 2009; Sawada and Watanabe, 2012). By P14, all main
sulci and gyri are formed, but further maturation of the
sulcal indentations and gyral folds occurs over the following
2 weeks (Figure 2B). Gyrification is considered completed by
P28 (Sawada and Watanabe, 2012). Nevertheless, the shape of
the brain afterward changes remarkably, with the rostral part
narrowing and elongating (Barnette et al., 2009; Sawada and
Watanabe, 2012).

CORTICAL AREAS

The ferret is an important model organism for studying the
development of cortical areas and circuitry. In particular, the
ferret gave an important contribution to our understanding
of the development and maturation of sensory processing
(White and Fitzpatrick, 2007). This is largely due to the
fact that the eye opening and the onset of hearing in ferret
occur after 1 month of life giving a large postnatal window
for studying the sensory development (Lohse et al., 2019).
Furthermore, the ferret exhibits certain complex features of
brain maturation and neuronal processing that are similar
to human and different from rodents. For example, the
primary visual cortex in ferrets contains columnar maps
of stimulus features, such as orientation selectivity, that
are typical of primates (White et al., 2001; White and
Fitzpatrick, 2007). In this chapter we outline the contribution
of the ferret research to decipher the development of various
complex brain functions in the frontal, temporal, parietal and
occipital cortical areas.

Frontal Cortex
Ferret frontal cortex lies in the anterior sigmoid, posterior
sigmoid, proreal and the orbital gyri at the most rostral part of the
brain (Duque and McCormick, 2010; Fritz et al., 2010; Radtke-
Schuller et al., 2020; Figure 2C). Contrary to primate frontal
lobe, in the ferret there is no recognizable anatomical boundary
on the cortical surface that can delimit motor areas from the
rest of the frontal cortex. Furthermore, the ferret lacks a clear
granular layer, which is used in primates to define the prefrontal
cortex. However, the primary motor cortex has been identified
in ferret thanks to the large pyramidal cells in layer V that
characterize this area (Radtke-Schuller et al., 2020; Figure 2C).
The connectivity and neuroanatomy of the ferret frontal cortex
has been increasingly of interest to the scientific community for
studies regarding cognitive control of sensory processing and
attention as well as goal-directed behavior (Fritz et al., 2010;
Sellers et al., 2016; Zhou et al., 2016b). Moreover, a resting-
state network in the ferret has been reported to resemble the
default mode network in primates (Zhou et al., 2016a), which is
often disrupted in neurological disorders, such as schizophrenia,
autism spectrum disorders and Alzheimer’s disease (Fox and
Greicius, 2010). Hence, this finding raises the possibility that the
ferret could be used to model such pathological conditions.

Temporal Cortex
The auditory cortex of the ferret is located in the anterior, medial
and posterior ectosylvian gyri (Kelly et al., 1986a; Kowalski et al.,
1995; Bizley et al., 2005; Figure 2C). The ferret has become a
widely used animal model for investigating the development and
plasticity of auditory processing due to two principal reasons
(Lohse et al., 2019). First, the onset of hearing in ferrets occurs
only at P32 which facilitates the research of certain developmental
processes that in human happen in utero (Moore, 1982). Second,
ferrets have an audible frequency range that completely overlays
with and exceeds the frequency range of humans (Kelly et al.,
1986b). Four different tonotopically organized areas, including
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the primary auditory cortex and the secondary or belt areas, were
recognized in the medial and posterior ectosylvian gyri, whereas
two fields that are tonotopically not organized were identified in
the anterior ectosylvian gyrus (Bizley et al., 2005; Figure 2C).
Furthermore, the ferret has become a well-recognized model for
studying circuits involved in auditory processing and attention,
connecting the primary auditory cortex with the frontal cortex
(Fritz et al., 2010). In this context, the rostral ventral posterior
auditory field has been identified as a high-order sensory area,
homologous to the tertiary (parabelt) area of the primate auditory
cortex (Elgueda et al., 2019). Neurons in this area were found
to show both changes in auditory responses and encode non-
acoustical sound features, such as associated behavioral meaning
(Elgueda et al., 2019).

Parietal Cortex
The primary somatosensory cortex in the ferret is well
characterized. The part of the somatosensory cortex involved in
body representation lies in the posterior sigmoid gyrus, whereas
the part involved in the representation of the face is situated
in the coronal gyrus (Leclerc et al., 1993; Rice et al., 1993;
McLaughlin et al., 1998; Figure 2C). Secondary somatosensory
cortex in the ferret is found in the anterior ectosylvian gyrus
(Figure 2C). In addition, the medial suprasylvian sulcus contains
a higher order somatosensory area with multisensory neurons
that are influenced also by auditory stimuli (Keniston et al.,
2009; Figure 2C). The most posterior part of the parietal
cortex, involved in visual processing, is located in the lateral
and suprasylvian gyri (Manger et al., 2002). The posterior
suprasylvian area was found to be crucial for motion perception
in the ferret (Philipp et al., 2006). The global motion sensitivity
integrates motion information across time and space and it is
one of the last visual functions to mature. Recent behavioral
and electrophysiological data show a relationship between the
posterior suprasylvian area and the ability of ferrets to integrate
perceptual motion and form, a high-order visual function which
is typically studied in primates (Dunn-Weiss et al., 2019).
Hence, ferrets are becoming a suitable model not only for the
development of the early visual stages, as discussed in the next
section, but also for the visual psychophysics and the study of
higher-level visual functions (Dunn-Weiss et al., 2019; Danka
Mohammed and Khalil, 2020).

Occipital Cortex
The visual cortex is located in the occipital lobe and consists of
areas 17–21. Area 17 is the primary visual area, also known as the
striate cortex, and it contains a thick layer IV (Rockland, 1985;
Figure 2C). The border of area 17 with the area 18, the secondary
visual area, is marked by a thinning of layer IV and thickening
of layer III. The thinning of layer IV accompanied by a decrease
in myelination continues further at the boundary between areas
18 and 19 (Innocenti et al., 2002). Ferrets start opening their
eyes after P30 and the full opening is reported to occur only at
P35 (Christensson and Garwicz, 2005; Figure 2A). Due to the
fact that neuronal specialization, synaptogenesis and other events
critical for the development of visual circuits occur postnatally,
ferrets became an important model organism for visual cortical

development (Jackson et al., 1989; Reillo and Borrell, 2012; Danka
Mohammed and Khalil, 2020).

Ferrets have thus been used to study various aspects
of the maturation of the visual function, in particular the
development of orientation selectivity, direction preference and
ocular dominance columns (Katz and Crowley, 2002; White
and Fitzpatrick, 2007; Roy et al., 2018; Danka Mohammed and
Khalil, 2020). Orientation selectivity is one of the first visual
functions to appear in mammals and ferret neurons in the
primary visual area exhibit it already at the time of eye opening
(Chapman and Stryker, 1993; Chapman et al., 1996; White et al.,
2001). The majority of ferret neurons in the visual cortex is
also characterized by a more vigorous response to a preferred
direction of movement of a visual stimulus (Weliky et al., 1996;
Li et al., 2006; Van Hooser et al., 2012). This direction selectivity
was found to require visual experience (Li et al., 2006), although
recent evidence suggests that there is an early phase of instructive
plasticity happening before the eye opening (Roy et al., 2020).
The work in ferret has thus made a crucial contribution in
addressing the fundamental questions regarding how sensory
experience shapes the functional development and maturation of
a mammalian brain (Roy et al., 2018).

TECHNIQUES FOR FUNCTIONAL
STUDIES IN FERRETS

As the ferret became an established neurodevelopmental model
system, different techniques have been developed to manipulate
its neocortical development. In this chapter, we review the most
commonly used and characterized methodologies along with
their respective applications.

Pharmacological Treatments
Different pharmacological treatments have been explored in
ferret to study the neocortex development and model various
neuropathological conditions. Noctor et al. (1999) applied to
ferret a pharmacological protocol to alter neuronal production
at precise timepoints during development. The treatment
consisted of an intraperitoneal injection of the anti-mitotic
drug methylazoxymethanol (Figure 3A). A single injection of
methylazoxymethanol inhibits cell division for 24 h and can
hence be used to study the birth date of various neuronal subtypes
(Noctor et al., 1999, 2001; Palmer et al., 2001) and to model
cortical dysplasia in the ferret (Hasling et al., 2003).

In Utero Electroporation
In utero electroporation is a key technique for the acute
manipulation of gene expression in the embryonic mammalian
brain in vivo (Kalebic et al., 2020). This method was first applied
to ferrets by Kawasaki and colleagues and it consists of an
intraventricular injection of genetic material and subsequent
electroporation to permit the entry of delivered molecules to
the neuroepithelium (Kawasaki et al., 2012, 2013; Kalebic et al.,
2020; Figures 3B,E). In utero electroporation has been widely
used in ferrets to study the cell biology of neural progenitors
(Kalebic et al., 2019; Kostic et al., 2019; Güven et al., 2020;
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FIGURE 3 | Techniques that allow acute manipulation of the ferret neocortex development in vivo. (A) Pharmacological treatment. Intraperitoneal (i.p.) injection of the
anti-mitotic drug methylazoxymethanol (MAM) allows to study neurogenesis and model cortical dysplasia. (B) In utero electroporation enables manipulation of gene
expression in neural progenitors and their progeny during embryonic development. (C) Postnatal electroporation during the first week of postnatal life enables
studies of neuronal migration. (D) Viral injection at postnatal stages applied to study neural migration. (E) An example of the ferret P0 neocortex that was targeted by
in utero electroporation at E33. Immunofluorescence for GFP (green), combined with DAPI staining (blue). Scale bar, 500 µm. This image has been modified from
Kalebic et al. (2018).

Matsumoto et al., 2020; Xing et al., 2020), histological features
of ferrets neurodevelopment (Martinez-Martinez et al., 2016;
Saito et al., 2018), and cortical folding (Toda et al., 2016;

Matsumoto et al., 2017b; Shinmyo et al., 2017). Of importance
for translational research, in utero electroporation is increasingly
being used to express human-specific genes (Kalebic et al., 2018)
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and to model human neurodevelopmental pathologies in ferrets
(Masuda et al., 2015; Matsumoto et al., 2017a). Furthermore,
a recent combination of in utero electroporation with the
CRISPR/Cas9 technology allows efficient genome editing in the
developing ferret neocortex (Shinmyo et al., 2017; Güven et al.,
2020; Xing et al., 2020).

Postnatal Electroporation
Due to the fact that the ferret is born with an immature brain,
acute genetic manipulation after birth can be used to study the
late stages of the neocortex growth and maturation. Notably,
this is not possible in the traditional genetically accessible
neurodevelopmental models, mouse and rat, where neurogenesis
is completed before birth. The postnatal electroporation protocol,
established by Borrell and colleagues, has been used on P1 and
P6 ferret kits to label various neocortical cells and to manipulate
cortical development (Borrell et al., 2006; Borrell, 2010; Reillo
et al., 2011; Figure 3C).

In Vivo Viral Injection
Although viral injection is most often used to study neural
structure and function at stages when neocortex development is
largely completed (Smith and Fitzpatrick, 2016), it also allows
local acute labeling of neural cells embryonically and at early
postnatal stages (Figure 3D). Retroviral labeling has been used
to analyze cell lineages, clonal dispersion and neuronal migration
during ferret embryonic and postnatal development (Reid et al.,
1997; Ware et al., 1999; Reillo et al., 2017). Adenoviruses have
been largely used to study neuronal migration (Borrell et al., 2006;
Gertz and Kriegstein, 2015) and dynamics of neural progenitors
(Gertz et al., 2014). Moreover, the viral injection can be combined
with postnatal electroporation to achieve double labeling by
targeting the VZ cells by electroporation, followed by retroviral
infection of the cells residing in the oSVZ (Reillo et al., 2011).

Transgenic Ferret Lines
Whereas local, acute genetic manipulation methods have been
successfully adapted to ferrets and can now be routinely used,
there are only a couple of examples reporting the generation
of transgenic ferret lines. Johnson et al. (2018) reported the
generation of an Aspm (abnormal spindle-like microcephaly
associated) germline knockout ferret line to model human
microcephaly. The knockout was achieved by Transcription
Activator Like Effector Nucleases (TALEN)-mediated genome
editing. A year later, Yu et al. (2019) reported the creation of a
transgenic ferret line expressing a dual-fluorescent Cre-reporter
system inserted into the ferret ROSA26 intron 1. In this case
CRISPR/Cas9-based genome editing was employed.

THE FERRET AS A MODEL FOR HUMAN
PATHOLOGIES

Owing to the emergence of new techniques, notably those that
render the ferret a genetically accessible model organism, it
is now possible to use ferrets to study the pathophysiology
of various diseases. This is most evident when focusing on

neurodevelopmental defects and malformations for which other
animal models, such as the mouse, have shown to exhibit
limitations. The ferret has been used as a laboratory animal since
the beginning of the 20th century, firstly to describe in details
its embryology (Yeates, 1911). It was soon shown that ferrets
can be a suitable model for respiratory diseases (Smith et al.,
1933), which resulted in ferrets becoming one of the leading
model systems in this field (Enkirch and von Messling, 2015).
Although a great part of the biomedical research involving ferrets
focuses on neuroscience and respiratory infections, ferrets have
also served as a model for gastrointestinal diseases (Hudson et al.,
1992), human lung cancer (Aizawa et al., 2013), and filovirus
infections, notably ebolavirus (Cross et al., 2016, 2018).

Respiratory Infections and Syndromes
The ferret is a well-established animal model to study the
symptomatology, transmission and immune response related
to respiratory viruses, notably influenza viruses (Zhang et al.,
2013; Enkirch and von Messling, 2015; Stittelaar et al., 2016).
Moreover, ferrets and other mustelids have been used in studies
concerning coronaviruses, since this viral subfamily may cause
severe acute respiratory syndrome in mustelids (Chu et al., 2008).
Very early in the current COVID-19 pandemic it has been shown
that ferrets are highly susceptible to SARS-CoV-2 infection and
that they display mild symptoms, such as fever, loss of appetite,
occasional coughs, and reduced body activity (Kim et al., 2020;
Shi et al., 2020). SARS-CoV-2 can be actively transmitted from
infected ferrets to naïve ones through direct contact or by
airborne transmission even before the peak of the viral RNA copy
number has been reached (Kim et al., 2020; Richard et al., 2020;
Shi et al., 2020). These characteristics make the ferret one of the
animal models that most closely mimics human infection and
transmission (Hobbs and Reid, 2020; Mahdy et al., 2020; Munoz-
Fontela et al., 2020).

Because the ferret has major similarities in respiratory tract
and lung physiology with that of humans it has been long used as
a model organism for cystic fibrosis, a genetic disorder caused by
mutations in CFTR (cystic fibrosis transmembrane conductance
regulator) and characterized by chronic infection, inflammation,
and mucus obstruction (McCarron et al., 2018). Indeed, CFTR-
deficient ferrets demonstrated many of the characteristics of
human cystic fibrosis disease (Sun et al., 2008, 2010).

Neurological Infections
Recently, the ferret has been used in research involving infection
by Zika virus due to the similarity of both the immune responses
and certain neurodevelopmental features with those of human,
referred to earlier in this review (Hutchinson et al., 2019).
Zika virus is neurotropic and an infection during pregnancy
in humans can lead to neurodevelopmental malformations,
such as microcephaly, i.e. reduced brain size. In ferret these
phenotypes were recapitulated with a high variability among
embryos suggesting that the ferret can be used as a valuable
model to understand the mechanism of the Zika pathology
that can lead to a heterogeneous magnitude of symptoms
(Hutchinson et al., 2019).
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It is becoming increasingly clear that SARS-CoV-2 has both
a short- and long-term impact on the central nervous system
and various neurological symptoms have already been described
(Caporale and Testa, 2021). It is therefore of great importance
to search for a suitable animal model that could successfully
recapitulate the key phenotypes found in humans (Sanclemente-
Alaman et al., 2020). Considering the value of ferrets to model
both the respiratory aspects of COVID-19 and certain complex
features of the human neurodevelopment, it is an important
animal model to evaluate.

Introducing Human-Specific Genomic
Changes to Model Human
Neurodevelopment
Compared to rodents, the ferret shows some of the key
neurodevelopmental features similar to humans, notably
an expanded neocortex and gyrencephaly. However, certain
neurodevelopmental traits are truly human-specific and they
are thought to form a basis for our unparalleled cognitive
abilities (Rakic, 2009; Sousa et al., 2017; Ardesch et al., 2019;
Pattabiraman et al., 2020). Since various human-specific genomic
changes in both coding and non-coding regions are underlying
such neurodevelopmental traits, a lot of effort has been made
to identify the key changes and examine them functionally in
different model systems (Silver, 2016; Dennis et al., 2017; Florio
et al., 2018; Pattabiraman et al., 2020; Vaid and Huttner, 2020).
The ferret is now becoming an important model organism for
testing such human-specific genomic changes in the context
of an already expanded brain. For example, the addition of
the human-specific ARHGAP11B to the embryonic ferret
resulted in a further expansion of its neocortex (Kalebic et al.,
2018). This was best reflected in an increase in cell density
in the upper layers of the CP, their radial expansion and
the tangential expansion of the entire cortex, which are the
key hallmarks of evolutionary expansion of the neocortex
(Kalebic et al., 2018).

Neurodevelopmental Malformations
Neurodevelopmental malformations, such as microcephaly
(reduced brain size), lissencephaly (loss of neocortical folding),
polymicrogyria (numerous small neocortical folds), dysplasia
(abnormal neocortical lamination), and heterotopias (abnormally
positioned cells in periventricular or subcortical regions), are
linked to various intellectual or motor disabilities (Romero et al.,
2018; Klingler et al., 2021).

Primary microcephaly can have various genetic etiologies
and can be linked to many syndromal congenital anomalies
(Romero et al., 2018). Many attempts have been made to study
primary microcephaly in rodent models, however, due to the
small size of their brains, rodents could poorly recapitulate
some of the phenotypes found in patients. Therefore, primary
microcephaly was the first disease modeled in transgenic ferrets
by performing the TALEN-mediated KO of Aspm (abnormal
spindle-like microcephaly associated) (Johnson et al., 2018).
The Aspm−/− ferrets could successfully recapitulate phenotypic
features of the human pathology, such as severe microcephaly,

with a striking reduction in brain weight and a decrease in brain
surface and thickness (Johnson et al., 2018).

Human patients with classical lissencephaly were often found
to have mutations in CDK5 (cyclin-dependent kinase 5) gene
(Romero et al., 2018). Studies in Cdk5 KO mice reported
various impairments of the brain development, but the link
with lissencephaly remained unexplored (Ohshima et al., 1996;
Gilmore et al., 1998). In contrast, when Cdk5 was acutely
knocked out in the ferret developing neocortex via in utero
electroporation, the size of the gyrus in the electroporated area
was smaller and the sulcus was shallower, with respect to the
contralateral hemisphere (Shinmyo et al., 2017).

Cortical dysplasia is a neurodevelopmental defect caused by
impaired neuronal migration and it is associated with epilepsy
and mental retardation. The generation of a ferret model for
cortical dysplasia was achieved by injection of the anti-mitotic
drug methylazoxymethanol (Noctor et al., 1999, 2001; Hasling
et al., 2003). The treatment strongly impaired the generation
of layer IV neurons and migration of interneurons from the
ganglionic eminence (Noctor et al., 1999; Poluch et al., 2008),
which could be alleviated by inhibition of GABAA receptors
(Abbah and Juliano, 2014).

Thanatophoric dysplasia (TD) is a severe genetic skeletal
dysplasia that results from missense mutations in FGFR3
(fibroblast growth factor receptor 3), which cause a constitutive
activity of the receptor (Pannier et al., 2009). The cerebral
cortex of TD patients shows various abnormalities, of which only
megalencephaly (abnormally large brain) could be recapitulated
in the mouse model (Lin et al., 2003). A ferret model of
TD was generated by in utero electroporation of FGF8, a
ligand of the FGFR3, and exhibited a thickened SVZ and an
increased number of BPs (Masuda et al., 2015). Importantly TD
ferrets could successfully recapitulate other key abnormalities
found in human patients, such as polymicrogyria (Masuda
et al., 2015), periventricular nodular heterotopia (Matsumoto
et al., 2017a), and leptomeningeal glioneuronal heterotopia
(Matsumoto et al., 2018).

Hydrocephalus
Hydrocephalus is a condition in which excess cerebrospinal
fluid accumulates within the ventricles of the brain. In
light of the characteristic postnatal protraction of the ferret
neurodevelopment, ferret kits at P14 have been used as
a model system for the post-hemorrhagic hydrocephalus,
which is associated with premature birth (Di Curzio et al.,
2013). To induce the hydrocephalus, ferrets received a kaolin
(aluminum silicate hydroxide) injection in the cisterna magna,
which led to ventricular dilatation, periventricular white
matter damage, astrogliosis, corpus callosum atrophy, thus
recapitulating typical human hydrocephalus phenotypes
(Di Curzio et al., 2013).

Brain Injury
Ferrets contain a higher white matter content than rodents,
similarly to humans (Schwerin et al., 2017). This led to their use as
animal models for traumatic brain injury. Using ferrets Lighthall
and colleagues developed a method referred to as controlled
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cortical impact (Lighthall, 1988). This method allows control
over biomechanical parameters known to be associated with the
traumatic brain injury, such as injury force and velocity and the
extent of tissue deformation (Lighthall, 1988; Lighthall et al.,
1990; Osier et al., 2015). Recently, controlled cortical impact
method in adult ferrets was further optimized and standardized
by Schwerin et al. (2017, 2018), generating animal models with
transient memory deficits and altered motor skills.

Considering that the degree of maturation of the ferret brain
at the moment of birth is similar to that of humans during the last
trimester of pregnancy, ferret kits are also used to model preterm
and perinatal human brain injury. This model was generated by
subjecting the ferret kits to sub-lethal, chronic hypoxia from P10
to P20, which increased astrocytosis and decreased myelination,
similar to human patients (Tao et al., 2012).

DISCUSSION

Here we discuss the possibilities and limitations of using the ferret
as a model organism for neurodevelopment. We mainly compare
ferrets with the other major mammalian model organisms,
notably rodents and primates. We particularly focus on the
suitability of ferret as an animal model for brain evolution, brain
development and neurodevelopmental pathologies.

The Ferret as a Model Organism
A plethora of different factors contributes to determine what
makes a good model organism. In the past three decades, the
mouse has risen as a principal model organism in many biological
disciplines, including developmental neurobiology, largely due
to its unparalleled genetic accessibility (Ellenbroek and Youn,
2016). However, in the current era of routine next-generation
sequencing and genome editing, this advantage is lost and many
historic or emerging model organisms are (re)entering the scene.
In their recent review, Matthews and Vosshall (2020) list the ten
steps required for an organism to become a model organism,
giving the example of the mosquito Aedes aegypti that has become
a neurobiological animal model. In light of those steps, we here
discuss the advantages and limitations of using the ferret as a
neurodevelopmental model organism.

First, the ferret is a highly suitable and interesting model
organism for studying brain evolution, brain development
and the related pathologies. As discussed in detail in the
following sections, ferrets are more than rodents, but less than
primates, similar to humans, in most of the above-mentioned
aspects. Second, the ferret has been domesticated for more than
2000 years and used as a laboratory animal for more than a
100 years (Yeates, 1911; Davison et al., 1999). Ferrets are relatively
small and, compared to non-human primates, the housing and
economic cost of their maintenance are lower. Furthermore,
similar to rodents, ferrets have a large average litter size of 8
kits per litter, whereas for most primates the litter size is 1 or 2
(Tardif et al., 2003). Third, the ferret genome has been sequenced
(Peng et al., 2014). Although it is still poorly annotated, the first
attempts have been made and the first transcriptomic datasets
have been produced (De Juan Romero et al., 2015). In other

methodological aspects, such as validation of antibody reactivity,
the ferret is also lagging behind rodents. Fourth, in utero and
postnatal electroporations as well as viral injections opened
the possibility to introduce genetic manipulation acutely during
development (Reid et al., 1997; Borrell et al., 2006; Borrell, 2010;
Kawasaki et al., 2012, 2013; Gertz et al., 2014; Kalebic et al.,
2020). In this aspect the ferret was the third organism after mouse
and rat in which in utero electroporation was achieved. Fifth,
transgenic ferrets are now available (Johnson et al., 2018; Yu et al.,
2019). Moreover [combining the steps 6–9 from Matthews and
Vosshall (2020)] genome editing (Shinmyo et al., 2017), routine
gene knock-down (Kostic et al., 2019) and knock-out (Güven
et al., 2020; Xing et al., 2020), introduction of precise mutation
(Yu et al., 2019), optogenetics (Roy et al., 2016) and other genetic
tools important for neuroscience have all been introduced to the
ferrets. Finally, interesting questions that can be addressed using
the ferret as the model organism are not lacking and include, but
are not limited to, the considerations we discuss below.

The Ferret as a Model for the
Evolutionary Expansion of the Neocortex
As recently argued by Gilles Laurent, neuroscience has massively
benefited from model system diversity and should further
embrace comparative and evolutionary approaches in modern
brain research (Laurent, 2020). The ferret ideally fits into
these considerations by vastly contributing to the evolutionary
perspective of the brain. Ferrets and other carnivores diverged
from the human lineage earlier than rodents (Bininda-Emonds
et al., 2007), yet many of the features of the neocortex expansion
are present in the ferret, but not in the mouse. Together
with the data collected from other species, this led to a view
that the evolutionary expansion of the neocortex happened
independently in most mammalian orders, but it has been
guided by similar principles (Borrell and Reillo, 2012). This is
particularly obvious when looking into neocortical folding, a trait
that highly correlates with neocortex expansion (Lewitus et al.,
2013; Fernandez et al., 2016). Neocortical folding is present in
all mammalian orders (Borrell and Reillo, 2012) and it appears
that the Jurassic-era ancestor of all placental mammals already
exhibited a folded cortex (O’Leary et al., 2013; Lewitus et al.,
2014). In turn this suggests that gyrencephaly was lost and its
extent reduced or increased several times independently during
mammalian evolution (Kelava et al., 2013).

The enlargement of the neocortex does not concern only
its surface area, although this is a dominant trait, but also its
thickness (Rakic, 2009; Geschwind and Rakic, 2013). During
development, transient SP and germinal zones are thicker in
species with an expanded neocortex (Reillo and Borrell, 2012;
Dehay et al., 2015; Rana et al., 2019; Kostovic, 2020) and
the separation of the oSVZ and iSVZ can be found only in
such species (Smart et al., 2002; Dehay et al., 2015). The
adult neocortex also exhibits a different thickness, which is on
average two-fold greater in primates compared to rodents (Rakic,
2009). This increase is mostly pertinent to the supragranular
layers that roughly doubled in primates compared to rodents
(Hutsler et al., 2005). Moreover, there is a clear increase
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in the thickness of the supragranular layers within primates,
with humans having 1.5-fold thicker supragranular layers than
macaque (Hutsler et al., 2005). Importantly, carnivores exhibit
intermediate characteristics and the ferret has supragranular
layers that are 2-fold thicker compared to mouse and 2-
fold thinner compared to human (Hutsler et al., 2005). The
supragranular layers contain neurons that form ipsi- and contra-
lateral cortical connections (Lodato and Arlotta, 2015), with the
latter thought to play an important role in high-level integrative
cortical functions in associative areas (Fame et al., 2011).

Neocortex expansion is characterized by a differential growth
of existing neocortical areas as well as the acquisition of novel
ones, which in primate brain evolution is particularly relevant in
the frontal cortex (Krubitzer and Kaas, 2005; Kaas, 2013). The
protomap hypothesis postulates that the final size and pattern
of neocortical areas is determined already during development
by various molecular gradients that specifically guide and attract
afferent systems to appropriate positions where they can interact
with specific cells (Rakic, 1988). It has recently been shown that
the development of a prospective gyrus vs. a prospective sulcus of
the ferret neocortex is also determined by differently expressed
genes during embryonic development (De Juan Romero et al.,
2015). Interestingly, those differentially expressed genes exhibited
a similar expression pattern in fetal human neocortex, but
showed no obvious pattern in embryonic mouse neocortex
(De Juan Romero et al., 2015).

The Ferret as a Model for Brain
Development
Traditionally the greatest value of the ferret as a model system
for brain development came from the characteristic protraction
of its brain development into the postnatal period. This allowed
researchers to study processes in ferret kits that in human and
rodents happen in utero. Therefore, thanks to this practical and
convenient feature of its neurodevelopment, the ferret rose to
one of the principal models for studying cell biology in vivo
of neural stem cells, neuronal migration and connectivity. For
example, the ferret is a good model to address the maturation
of the thalamocortical connectivity in an extra-uterine context
(Wess et al., 2017; Lohse et al., 2019). It has recently been
shown that SP neurons of the ferret auditory cortex respond to
sound at very young ages, even before the opening of the ears,
suggesting that the early sound experience can activate subplate
circuits before permanent thalamocortical circuits are established
(Wess et al., 2017).

The second important feature of ferret neurodevelopment
is its similarity to the human, especially when looking
into neocortex development. This is most obvious when
comparing mouse, ferret and human neocortex (Figure 1)
development and distinguishing between the quantitative and
qualitative differences across these three species. In quantitative
terms, the ferret shows intermediate characteristics in various
neurodevelopmental aspects. An example brought in the
previous section is that the thickness of supragranular layers
in the ferret is an exact intermediate between the mouse and
human (Hutsler et al., 2005). In qualitative terms, the ferret

shares some neurodevelopmental features with humans that are
completely lacking in the mouse. Those include, but are not
limited to, the expansion of the SVZ and distinction of the oSVZ
(Reillo and Borrell, 2012), abundance of BPs and particularly
proliferative bRG (Fietz et al., 2010; Reillo et al., 2011; Kalebic
et al., 2019), morphological heterogeneity of bRG (Kalebic et al.,
2019), tangential dispersion of migrating neurons (Gertz and
Kriegstein, 2015), presence of both inner and outer fiber layers
(Saito et al., 2018), and neocortical folding (De Juan Romero
et al., 2015; Figure 1). Albeit present in both the human and
ferret, most of the features mentioned are quantitatively reduced
in the ferret. For example, the ferret neocortex contains all
the bRG morphotypes seen in the human, but their relative
proportions are different as there are less process-rich bRG
in the ferret (Kalebic et al., 2019). Moreover, ferret neocortex
is folded, but the gyrencephaly index, i.e. a parameter of the
extent of cortical folding, is significantly lower than in humans
(Lewitus et al., 2014).

During the neocortical neurogenesis the temporal order
of neuronal production follows the well-established inside-out
rule. Classical research in the ferret has provided important
evidence that the potential of neural progenitors to generate
lower vs. upper layer neurons is restricted over time (McConnell
and Kaznowski, 1991; Frantz and McConnell, 1996; Desai and
McConnell, 2000). Upon heterochronic transplantations, early
ferret progenitors, that normally produce lower layer neurons,
are capable of producing upper layer neurons, whereas late
progenitors appear to be more restricted and can only produce
upper layer neurons, even when transplanted into an earlier
host environment (McConnell and Kaznowski, 1991; Frantz
and McConnell, 1996; Desai and McConnell, 2000). Recent
transplantation studies of specific subpopulations of neural
progenitors in mouse, however, revealed additional complexity
(Oberst et al., 2019; Telley et al., 2019). Notably, mouse apical
progenitors, that are generally highly proliferative, were found
to be temporally plastic and able to re-enter past neurogenic
states. In contrast, mouse BPs, that are highly neurogenic,
lacked such plasticity (Oberst et al., 2019). In light of this,
it would be important to examine if specific subpopulations
of ferret BPs, notably the proliferative bRG and neurogenic
bIPs, behave differently upon heterochronic transplantation.
Furthermore, recent studies identified selected subpopulations
of mouse progenitors (Franco et al., 2012; Garcia-Moreno and
Molnar, 2015) that selectively contribute to the production of
upper layer neurons and that are restricted in its fate potential
even before the onset of neurogenesis. Considering the relative
increase in upper layer neurons in ferret vs. mouse, it would
be useful to examine if subpopulations of such fate-restricted
progenitors are enriched in the ferret.

The Ferret as a Model for Human
Neuropathologies
In light of the above-mentioned developmental features, the
ferret is considered to be a highly suitable model organism for
certain neurodevelopmental pathologies. This primarily refers
to neocortical malformations (Klingler et al., 2021), which
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can be a consequence of impaired progenitor proliferation or
neuronal migration (Bizzotto and Francis, 2015; Buchsbaum and
Cappello, 2019) and affect neocortex size and shape. Since ferrets
exhibit an expanded and folded neocortex, they are suitable
for modeling diseases such as microcephaly (Johnson et al.,
2018) and lissencephaly (Shinmyo et al., 2017). Considering
the important role of ferrets in virology and immunology for
modeling human influenzas, it is important to emphasize the role
of ferrets for studying the neurotropic effects of viruses such as
Zika (Hutchinson et al., 2019) and SARS-CoV-2. Combining the
previous application in neurodevelopmental disorders and viral
infections, the ferret is becoming an emerging model organism
for studying the relationship between the maternal immune
activation and neuropsychiatric diseases (Li et al., 2018).

Limitations of the Ferret as a Model
Organism for Neurodevelopment
The ferret is a suitable model for studying some of the
mechanisms regulating brain development, but it also
exhibits certain limitations. Only some molecular and cellular
mechanisms involved in neocortex development and the
related pathologies are conserved across mammals and this
is particularly relevant for the development of complex traits.
For example, neocortical folding is thought to arise through
an interplay of genetic and mechanical factors (Borrell,
2018; Kroenke and Bayly, 2018), with some of the genetic
underpinnings being fairly conserved between ferret and human
(Albert and Huttner, 2015; De Juan Romero and Borrell,
2017). In contrast, an extracellular matrix-mediated mechanism
that contributes to folding by modulating tissue stiffness was
found to operate in human, but not ferret neocortical tissue
(Long et al., 2018).

The protracted postnatal period of brain development has
traditionally been one of the greatest reasons for using the ferret
kits to model the last trimester of human brain development
(Barnette et al., 2009), however, it also poses some limitations.
The ferret kit is exposed to environmental sensory stimuli
that are not present in utero, which can lead to a different
development and maturation of cortical sensory areas. An

example is the difference in some aspects of maturation of the
visual circuitry, which are thought to happen in a hierarchical
fashion in humans, but occur in a synchronous manner in ferrets
(Danka Mohammed and Khalil, 2020).

Finally, there are ethical considerations to take into account,
especially when working with transgenic ferrets. Research
involving ferrets is usually subjected to a greater regulatory
scrutiny than the one involving mice. In contrast, ferrets
could be a suitable replacement for primates when studying
developmental mechanisms that are pertinent to all species
with an expanded neocortex. Hence, the ethical considerations,
along with the space allocation and cost of ferret research,
are additional limitations for using ferrets instead of mice, but
at the same time provide an advantage for using ferrets as a
replacement for primates.

CONCLUSION

Ferrets are fascinating creatures whose neurodevelopmental
features render them an important model organism for brain
evolution, development, and related pathologies. In this review
we highlight the key characteristics of the developing ferret
neocortex and discuss the tools and techniques that enable
us to use these animals for revealing the complexity of
the mammalian neocortex development and modeling human
neurodevelopmental pathologies.
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The neocortex, a six-layer neuronal brain structure that arose during the evolution
of, and is unique to, mammals, is the seat of higher order brain functions
responsible for human cognitive abilities. Despite its recent evolutionary origin, it
shows a striking variability in size and folding complexity even among closely related
mammalian species. In most mammals, cortical neurogenesis occurs prenatally, and
its length correlates with the length of gestation. The evolutionary expansion of
the neocortex, notably in human, is associated with an increase in the number of
neurons, particularly within its upper layers. Various mechanisms have been proposed
and investigated to explain the evolutionary enlargement of the human neocortex,
focussing in particular on changes pertaining to neural progenitor types and their
division modes, driven in part by the emergence of human-specific genes with novel
functions. These led to an amplification of the progenitor pool size, which affects
the rate and timing of neuron production. In addition, in early theoretical studies,
another mechanism of neocortex expansion was proposed—the lengthening of the
neurogenic period. A critical role of neurogenic period length in determining neocortical
neuron number was subsequently supported by mathematical modeling studies.
Recently, we have provided experimental evidence in rodents directly supporting
the mechanism of extending neurogenesis to specifically increase the number of
upper-layer cortical neurons. Moreover, our study examined the relationship between
cortical neurogenesis and gestation, linking the extension of the neurogenic period
to the maternal environment. As the exact nature of factors promoting neurogenic
period prolongation, as well as the generalization of this mechanism for evolutionary
distinct lineages, remain elusive, the directions for future studies are outlined
and discussed.
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INTRODUCTION

The neocortex is the largest structure in the mammalian
brain, covering most of its surface and being responsible for
a substantial part of its computing capacity (Van Essen et al.,
2018). The neocortex, which is characterized by six neuronal
layers, has arisen relatively late in the evolution of vertebrates
and is specific to mammals (Striedter, 2005). It is not only
involved in basic sensory and motor processing but also enables
higher cognitive functions, particularly in humans, where it
underlies intellectual abilities such as language and abstract
thinking. Major defects in the development of the neocortex
can lead to severe cognitive impairments (Toi et al., 2009;
Guarnieri et al., 2018).

Among mammals the neocortex shows a striking variability
in size and degree of surface folding, often even between closely
related species (Kelava et al., 2013; Zilles et al., 2013; Lewitus et al.,
2014; Sun and Hevner, 2014; Namba et al., 2019). Neocortical
surface folding is a mechanism that facilitates a pronounced
increase in the surface area in relation to the overall size of
the brain, allowing for more neural cells to be packed in the
limited volume of the skull (Kelava et al., 2013; Zilles et al.,
2013). Mammals can be broadly divided into two classes based
on their neocortical morphology. Lissencephalic mammals, such
as mouse and most other rodents, develop smooth neocortices
lacking surface folds. In contrast, gyrencephalic species, to which
humans belong, possess folded neocortices with multiple gyri and
sulci. Even within the gyrencephalic species the degree of folding
is highly variable and can be described by the gyrencephaly index
(GI), which is typically calculated as the ratio of total surface area,
including that of the sulci, to the exposed surface area (Elias and
Schwartz, 1969; Zilles et al., 1988, 1989).

Although smaller mammals tend to have less folded
neocortices, with the GI close to 1.0, the relationship between
overall brain size and folding is not universal, with examples of
large mammals such as the manatee having a lissencephalic cortex
(Welker, 1990; Pillay and Manger, 2007; Lewitus et al., 2014;
Vaid et al., 2018). Similarly, phylogenetic lineage relationships
are also not determinative of cortex folding as exemplified by
marmosets, which are lissencephalic, in contrast to most other
primates, which possess gyrencephalic neocortices (Zilles et al.,
1989; Kelava et al., 2012; Lewitus et al., 2014; Mitchell and
Leopold, 2015; Vaid et al., 2018; Namba et al., 2019). Humans,
next to cetaceans and elephants, are among the species with
the highest GI (Zilles et al., 1988, 1989; Kelava et al., 2012;
Lewitus et al., 2014; Namba et al., 2019). Humans also have the
most expanded neocortex size in relation to body size compared
to any mammal, especially in the frontal regions (Brodmann,
1912; Donahue et al., 2018). The underlying mechanisms and
functional significance of such a disproportional size increase in
terms of the evolution of human intelligence have been a subject
of multiple studies and an intense scientific debate (Martin, 1996;
Semendeferi and Damasio, 2000; Gibson, 2002; Semendeferi
et al., 2002; Sherwood et al., 2005; Rilling, 2006; Azevedo et al.,
2009; Herculano-Houzel, 2009; Barton and Venditti, 2013a,b;
Montgomery, 2013; Sherwood and Smaers, 2013; Hofman, 2014;
Gabi et al., 2016).

The characteristic structure of the neocortex with its six
cytoarchitecturally distinct layers forms during the process of
cortical neurogenesis, which in most placental mammals is
completed prenatally (Clancy et al., 2001; Lewitus et al., 2014),
with the exception of certain species such as ferret, where it
continues for a short time after birth (Jackson et al., 1989).
The length of this neurogenic period differs widely among
mammalian species, e.g., in mouse, a small-brained lissencephalic
mammal, the neurogenic period lasts only about 9–10 days (from
embryonic day E10.5 to E18–E19.5) (Stepien et al., 2020), while
in human, a large-brained gyrencephalic species, it lasts for
around 110 days (from gestation week 10–25) (Clancy et al.,
2001; Lewitus et al., 2014). Understanding the process of cortical
neurogenesis, the evolutionary differences in this developmental
program and how they arise, is necessary to explain the diversity
of neocortical morphology and neuron populations among
various mammalian species, particularly in relation to humans.
In this review we will give a brief overview of the neocortical
development and its evolutionary variations. Next, we will review
the experimental evidence demonstrating the crucial role of
the length of the neurogenic period in neocortical expansion,
and finally propose directions for future studies, which should
further explore and mechanistically explain the role of this
mechanism in evolution.

CORTICAL NEUROGENESIS AND ITS
TEMPORAL SEQUENCE

How Neurons Are Born—Progenitors and
Their Diversity
Together with the olfactory bulb, amygdala, hippocampus and
the basal ganglia, the neocortex develops from the telencephalic
vesicles (Haines and Mihailoff, 2018). The characteristic six-
layer structure of the cerebral cortex arises during the period of
neurogenesis, which in placental mammals is mostly prenatal.
Microscopically, the gray matter of the neocortex consists of six
distinct neuronal layers, which form in an inside-out fashion
during development (Shimada and Langman, 1970; Rakic, 1974,
1988). In the mature neocortex these layers contain two major
populations of neurons: cortical projection neurons, which are
generated locally (Noctor et al., 2001, 2004; Haubensak et al.,
2004), and interneurons, which migrate into the neocortex from
the ganglionic eminences (Anderson et al., 1997; Lavdas et al.,
1999; Wichterle et al., 1999; Parnavelas et al., 2000).

During embryonic development, after neural tube closure,
the future neocortex originates from a thin single cell layer
of symmetrically dividing neuroepithelial cells (Rakic, 1995a,b),
which exhibit notable apical-basal cell polarity (Götz and
Huttner, 2005). Upon the onset of neurogenesis, neuroepithelial
cells transform into apical radial glia (aRG) (Levitt et al., 1981;
Malatesta et al., 2000; Campbell and Götz, 2002; Götz and
Huttner, 2005; Taverna et al., 2014). aRG divide to produce
neurons either directly (direct neurogenesis) or indirectly, by
generating the more neuronally committed basal progenitors
(BPs) (Noctor et al., 2001, 2004; Haubensak et al., 2004;
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Miyata et al., 2004). The cell body of aRG resides in the
apical-most germinal zone, called ventricular zone (VZ) due
to its contact with the brain lateral ventricles, and—like the
neuroepithelial cells they derive from—form a pseudostratified
epithelial layer (Götz and Huttner, 2005). These cells maintain
a direct contact with both the apical (ventricular) surface as well
as the basal lamina (pial or meningeal side) via apical and basal
processes, respectively (Götz and Huttner, 2005). This contact
can be lost at the basal side at later developmental stages in
some gyrencephalic species as the cortical plate becomes thicker
(Nowakowski et al., 2016). As a result, the basal processes of bRG
become the main scaffold guiding the migration of supragranular
neurons. As these processes exhibit a fan-like spatial distribution
(Reillo et al., 2011), this in turn leads to an increased tangential
spread of these neurons (Richman et al., 1975). Within the VZ,
the position of the aRG cell body depends on the phase of the
cell cycle, with S-phase occurring in the basal region of the VZ
and mitosis at the ventricle, due to the process of interkinetic
nuclear migration, hence the pseudostratified appearance (Sauer
and Walker, 1959; Taverna and Huttner, 2010).

Dividing aRG can generate various types of BPs that lose their
apical contact and migrate basally to the adjacent, more basal
germinal layer—the subventricular zone (SVZ) (Haubensak et al.,
2004; Miyata et al., 2004; Noctor et al., 2004; Gal et al., 2006; Fietz
et al., 2010; Hansen et al., 2010; Stancik et al., 2010; Reillo et al.,
2011; Betizeau et al., 2013; Pilz et al., 2013; Tyler and Haydar,
2013). The diversity of BP types, their proliferative capacity and
relative abundance vary widely among mammalian species. In
lissencephalic mammals, such as most rodents, including the
mouse, most of the BPs have limited proliferative potential.
Most abundant are basal intermediate progenitors (bIPs), which
express the Tbr2 (Eomes) transcription factor (Englund et al.,
2005). In the mouse, the overwhelming majority of bIPs divide
symmetrically to produce two neurons, which explains their very
limited proliferative potential (Haubensak et al., 2004; Miyata
et al., 2004; Noctor et al., 2004). Additionally, there are also basal
radial glia (bRG) progenitors, which were originally identified by
the presence of a basal process (Fietz et al., 2010; Hansen et al.,
2010; Reillo et al., 2011) and are now known to characteristically
exhibit a radial morphology with apical and/or basal processes
(Betizeau et al., 2013; Pilz et al., 2013). bRG have a greater
proliferative potential than the canonical mouse bIPs as they can
undergo symmetric proliferative and asymmetric self-renewing
divisions (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011;
Shitamukai et al., 2011; Wang et al., 2011; Betizeau et al., 2013;
Pilz et al., 2013; Kalebic et al., 2019). These cells are, however,
rare in the rodent SVZ (Wang et al., 2011), except for the medial
neocortex (Vaid et al., 2018). Accordingly, the SVZ of the mouse,
and similar mammals with small and mostly smooth cortices, is
relatively thin and has a low proliferative capacity compared to
that of the VZ (Figure 1A).

In contrast, in gyrencephalic mammals, particularly those with
expanded and highly folded neocortices such as human, the
complexity of the SVZ as well as the number of various BP cell
types and their abundance are widely increased (Figure 1B; Fietz
et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Betizeau et al.,
2013; Pilz et al., 2013; Kalebic et al., 2019). This is particularly true

for the most proliferative type of BP, the bRG, although human
bIPs also show capacity for symmetric proliferative divisions
(Hansen et al., 2010). This leads to secondary expansion of the
SVZ, which in gyrencephalic species, including humans, can
be subdivided into two distinct germinal subzones—inner SVZ
(iSVZ) and outer SVZ (oSVZ) (Smart et al., 2002). The iSVZ
is mostly similar to the SVZ of the small-brained lissencephalic
animals such as most rodents and relatively constant in thickness
throughout neurogenesis (Smart et al., 2002). In contrast, the
oSVZ expands substantially during neurogenesis due to the
presence of highly proliferative BPs (Smart et al., 2002; Fietz et al.,
2010; Hansen et al., 2010; Reillo et al., 2011).

This expansion of the germinal zones allows for the substantial
increase in the cell clone size originating from a single VZ-
resident aRG (Noctor et al., 2001; Reillo et al., 2011), and leads
to the lateral spread of the daughter neurons over a larger surface
area in gyrencephalic, as opposed to lissencephalic, species (Reillo
et al., 2011; Kalebic et al., 2018). As a result, clonal cortical
columns in folded cortices have a more conical shape (with
the tip of the cone at the ventricle) in comparison to typical
columns in the mouse neocortex (Figure 1C; O’Rourke et al.,
1992, 1995, 1997; Kornack and Rakic, 1995; Reid et al., 1997;
Ware et al., 1999; Reillo et al., 2011; Gertz and Kriegstein,
2015). Nonetheless, an abundance of bRG does not necessarily
imply a highly folded neocortex, as some mammals, such as
marmoset, have relatively small and smooth cortices despite a
high abundance of bRG progenitors (Garcia-Moreno et al., 2012;
Kelava et al., 2012). Similarly, in ferret, unlike human, bRG have
been reported to contribute substantially to the generation of
astrocytes compared to neurons (Reillo et al., 2011; Martinez-
Cerdeno et al., 2012). Therefore, additional factors seem to
control the proliferative potential of bRG as well as the ultimate
fate of their progeny across different mammals. As an example,
human-specific adaptations such as changes in mitochondrial
metabolism (Florio et al., 2015; Namba et al., 2020) or increased
morphological complexity of bRG (Betizeau et al., 2013; Kalebic
et al., 2019) have been linked to increased proliferation and
neuron production as well as neocortical folding.

How Layers Are Made—Neuronal
Migration
The newly formed cortical neurons do not remain in the germinal
zones but instead undergo a migratory process in which they
typically move basally along radial glia fibers, passing through the
intermediate zone (IZ), and populate the expanding cortical plate
(CP) (Caviness, 1982; Sheppard and Pearlman, 1997; Figure 1C).
The first-born pioneer neurons form a preplate, which is
subsequently separated into two distinct parts by the incoming
later-born neurons, which settle between its lower and upper
layers. Thereby the preplate becomes populated by two separate
cell groups: Cajal-Retzius cells and subplate neurons, which
constitute the basal-most layer I (marginal zone) and subplate
region, respectively (Molnar and Blakemore, 1995; Super et al.,
1998; Olson, 2014; Molnar et al., 2020). These neurons form
temporary layers and are removed by apoptosis after the cortical
plate is formed. The remaining layers II–VI of the neocortex form
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FIGURE 1 | Schematic representation of the developing neocortical wall in mouse and human. (A) Mouse neocortical wall. (B) Human neocortical wall. (C) Mouse
(left) and human (right) cortical plates. Note both the tangential and radial (predominantly in the upper layers) expansion of the human cortical plate. For cell types,
see keys in (A,C).

with the deep (most apically located) layer VI neurons being born
earliest and the upper (most basally located) layers II-III neurons
being born last (Angevine and Sidman, 1961; Rakic, 1974, 1988;
Polleux et al., 1997a; Takahashi et al., 1999; Bystron et al., 2008;
Klingler et al., 2019).

The newly born neurons use both aRG and bRG cell processes
as a scaffold to guide their migration toward the basal side
(Noctor et al., 2001; Reillo et al., 2011), and the later born
neurons pass through the layers of earlier born neurons, hence
the younger cells reside more basally than the older ones
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(Angevine and Sidman, 1961; Rakic, 1974; Kornack and Rakic,
1995; Polleux et al., 1997a; Takahashi et al., 1999; Parnavelas,
2000; Klingler et al., 2019). This inside-out sequence of neuron
generation and migration is critical for proper wiring of the
neocortex and its functionality, as evidenced by the phenotypes
caused by mutations in critical components of this system
(D’Arcangelo et al., 1995, 1997; Sheldon et al., 1997; Trommsdorff
et al., 1999; Hong et al., 2000; Howell et al., 2000; Kuo et al., 2005;
Lammert and Howell, 2016; Ishii et al., 2016).

Cortical neurogenesis is concluded when the progenitor pool
either gets depleted due to symmetric consumptive divisions,
or undergoes a fate switch, when the production of glial cells—
astrocytes and oligodendrocytes—is initiated (Barnabe-Heider
et al., 2005; Kessaris et al., 2006; Miller and Gauthier, 2007;
Costa et al., 2009; Hirabayashi and Gotoh, 2010; Rowitch and
Kriegstein, 2010; Beattie and Hippenmeyer, 2017; Tiwari et al.,
2018; Ohtsuka and Kageyama, 2019). The onset of the period
of gliogenesis follows that of the neurogenic period, with these
periods exhibiting various degrees of temporal overlap across
species. In the mouse, these periods are almost completely
temporally separated, whereas in humans they proceed in parallel
for a longer period of time (Levitt et al., 1983).

There are also temporal differences in the timing and rate of
neuron production during neurogenesis across different regions
of the neocortex, with rostral regions completing neurogenesis
earlier than the caudal ones (Rakic, 1974; Gardette et al., 1982;
Smart and Smart, 1982; Bayer and Altman, 1990; Sanderson and
Weller, 1990; Miyama et al., 1997; Polleux et al., 1997a). While
neurogenesis is thought to start around the same time across the
whole cortex, the difference in its termination between rostral
and caudal poles can vary from less than a day in mouse to
about 3 weeks in monkeys (Finlay and Uchiyama, 2015). This
phenomenon is referred to as a rostro-caudal gradient of cortical
neurogenesis and has implications for the regional differences
in neuron numbers and densities, relative growth rates, and the
evolution of the neocortex (Charvet, 2014). The implications
of the temporal structure of cortical neurogenesis and neuron
migration for the evolutionary expansion of the neocortex are
discussed in detail in the following chapters.

HUMAN NEOCORTEX EXPANSION

The human brain is disproportionally expanded in relation to
body size, and the part of the brain that shows the most striking
expansion is the neocortex (Allman, 1999; Weaver, 2005; Rilling,
2006; Barton and Venditti, 2013a). In comparison to our closest
relatives—the other great apes—the human neocortex has grown
in terms of overall volume, surface area, and the number of
neurons (Semendeferi et al., 2001; Herculano-Houzel et al., 2007;
Donahue et al., 2018). It contributes to about 80% of our brain
mass, with about 1,600–2,000 cm2 of folded surface area, and an
average 2.6 mm thickness of the gray matter (see below) (Azevedo
et al., 2009; Glasser et al., 2016; Donahue et al., 2018; Van Essen
et al., 2018). The human cerebral cortex has been estimated to
contain anywhere from 16 to 21–26 billion neurons depending
on the counting method, which constitutes nearly 20% of the

total neuron number in the entire human brain, i.e., including the
cerebellum (Pelvig et al., 2008; Azevedo et al., 2009; Van Essen
et al., 2018). The thickness of the human neocortex varies by
region, and is more pronounced in association areas, such as the
prefrontal cortex, than in the primary sensory and motor areas
(Donahue et al., 2018).

Furthermore, the expansion of the human neocortex is
not evenly distributed across different regions and neuronal
layers. The rostral cortical areas are substantially more enlarged,
particularly the frontal and prefrontal regions, both in terms
of the overall volume, surface area as well as the amount of
white matter (Brodmann, 1912; Deacon, 1997; McBride et al.,
1999; Semendeferi and Damasio, 2000; Semendeferi et al., 2002;
Schoenemann et al., 2005; Rilling, 2006; Passingham and Smaers,
2014; Smaers et al., 2017; Donahue et al., 2018), which has
been attributed to increased connectivity and not necessarily
to increased neuron numbers (see below) (Schoenemann et al.,
2005; Barton, 2006; Collins et al., 2010; Gabi et al., 2016; Smaers
et al., 2017; Donahue et al., 2018). The disproportionate increase
in size, particularly of the prefrontal cortex, in comparison to
other primates such as chimpanzees, has caused speculation
as to its relevance with regard to human cognitive abilities
(Brodmann, 1912; Armstrong et al., 1991; Deacon, 1997;
Smaers et al., 2017).

The thickness of the neocortical gray matter also increases
with brain size such that the average thickness of the human
neocortex is approximately three times larger than that of
the mouse (Hofman, 1988; Zhang and Sejnowski, 2000). At
the microscopic level, the supragranular layers II–III are
disproportionally expanded and show a greater increase in the
number of neurons in species with larger cortices than the deep
neuronal layers (Marin-Padilla, 1992; Hutsler et al., 2005; Molnar
et al., 2006). This has been linked to the production of these
neurons occurring late during neurogenesis. The exponential
growth of late-produced layers is thought to stem from the
expansion of the SVZ, which becomes a secondary highly
proliferative zone in big-brained species (Smart et al., 2002;
Pollen et al., 2015; Nowakowski et al., 2016). It also correlates with
the prolongation of both neurogenic period and gestation length
(Hutsler et al., 2005; Lewitus et al., 2014). An increase in the
number of upper-layer neurons is more pronounced in the caudal
as compared to rostral areas of the neocortex; this also agrees
with the temporal rostro-caudal gradient of cortical neurogenesis,
which is particularly stark in animals with larger cortices (Rakic,
1974, 2002; Gardette et al., 1982; Smart and Smart, 1982; Bayer
and Altman, 1990; Sanderson and Weller, 1990; Miyama et al.,
1997; Polleux et al., 1997a; Collins et al., 2010; Collins, 2011;
Cahalane et al., 2012; Charvet, 2014; Charvet and Finlay, 2014;
Charvet et al., 2015).

NEUROGENIC PERIOD LENGTH IN
BRAIN EXPANSION—THEORETICAL
CONCEPTS

The increase in the absolute size of the human brain, and
particularly the neocortex, is thought to largely reflect an
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increase in the proliferative capacity of the relevant progenitor
cells and adaptive changes in the temporal structure of
neural development (Rakic, 2002). An increase in progenitor
number by symmetric proliferative divisions introduces an
intrinsic exponential component (Figure 2A right). As a result,
prolongation of such a proliferative phase has a disproportionally
larger impact on the structures that arise later in development.
Accordingly, brain structures such as the neocortex, or its
specific regions that appear late in development, tend to
disproportionally increase in size relative to early developing
ones (Finlay and Darlington, 1995; Finlay et al., 1998; Rakic,
2002). In this scenario a simple extension of the length of
neurogenesis, during which at least a fraction of progenitor
divisions is symmetric proliferative, would result in an expansion
of the brain structure concerned by progressively increasing
the rate of progenitor production and hence the numbers of
neurons generated therefrom (Rakic, 1988, 2002; Figure 2A
right). It is worth noting here that it is also possible for
an extension of the neurogenic period to cause a linear
increase in the final number of neurons generated, without
progressively increasing the rate of neuron production, if one
assumes that the additional progenitor divisions resulting from
that extension would be exclusively asymmetric neurogenic
(Figure 2A left). The exact magnitude of the effect of neurogenic
period prolongation is therefore dependent on the specific
types of progenitors present in a given species and their mode
of division. In species which possess a highly proliferative
progenitor pool, even a modest extension of neurogenesis would
lead to a dramatic increase in the rate of neuron production
over time, and a far greater final neuronal output (Figure 2A
right), while in species with primarily asymmetric neurogenic
progenitor divisions, the addition of neurons per unit time
would be largely constant and the final rise in neuron number
modest (Figure 2A left). In this context, it is important to
point out that even for an—in principle—same progenitor-to-
neuron lineage, for example with progenitors first undergoing
symmetric proliferative divisions and then asymmetric self-
renewing neurogenic divisions, the same number of progenitor
cell cycles will result in a greater neuron output if progenitors
undergo symmetric proliferative divisions for one cycle more
and, accordingly, asymmetric self-renewing neurogenic divisions
for one cycle less (Figure 2B).

An increase in the length of the neurogenic period has
therefore been explored as an attractive mechanism to explain
the relative size difference in a given brain structure between
various species. The analysis of over 100 mammals showed that
the changes in the relative size of non-olfactory brain structures
as compared to the total brain largely occur in a non-linear
way, and the largest size increases are observed for the late-
developed brain structures (Finlay and Darlington, 1995). Thus,
the enlargement of a given brain structure in relation to the
increase in total brain size due to prolonged neurogenesis has
exponential and linear components, depending on the division
mode of the various progenitors at specific timepoints (Finlay
and Darlington, 1995; Finlay et al., 2001). The temporal structure
of neurogenesis, which is largely conserved across mammalian
species (Finlay and Darlington, 1995; Darlington et al., 1999;

Clancy et al., 2001), would determine the extent of this expansion,
with late structures expanded more relative to overall brain size
(Finlay and Darlington, 1995).

Importantly, the selective expansion of the upper neuronal
layers of the neocortex, a hallmark of neocortex expansion
(Marin-Padilla, 1992; Hutsler et al., 2005; Molnar et al., 2006),
could also be the result of a similar mechanism, in that
the additional progenitor divisions at the end of a longer
neurogenic period specifically generate excess supragranular
neurons (Marin-Padilla, 1992; Hutsler et al., 2005; Molnar
et al., 2006; Charvet et al., 2015; Figure 3, see comment
in legend). Moreover, the temporal progression regarding the
change in the type of neuron generated over the course of
neurogenesis, i.e., from deep-layer to upper-layer neurons,
could be the same even when the particular progenitor
lineage and modes of progenitor division are distinct, e.g.,
for mouse vs. human (Figure 3; McConnell and Kaznowski,
1991; Frantz and McConnell, 1996; Desai and McConnell,
2000; Haubensak et al., 2004; Shen et al., 2006; Gaspard
et al., 2008; Kowalczyk et al., 2009). In the hypothetical
scenario illustrated in Figure 3, changes in the type of BP
generated from aRG and in the mode of BP division alone
suffice to explain a selective increase in upper-layer neuron
generation in human as compared to mouse, with no difference
between mouse and human in the number of deep-layer
neurons generated in spite of the differences in BP type and
mode of division.

To summarize, the final number of cortical neurons produced
is determined (i) on the one hand by the various types of
progenitor cells, their pool sizes and lineages, and their division
modes over the course of neurogenesis, and (ii) on the other hand
by the overall length of this process. The first-mentioned set of
progenitor features has been shown to be different across various
mammalian species and to undergo evolutionary changes at the
genomic level (Florio et al., 2017; Namba and Huttner, 2017;
Cardenas and Borrell, 2020; Vaid and Huttner, 2020). Differences
in these progenitor features between species could be sufficient to
explain the differences in neuron production. However, whether
in species with the same progenitor features changes in the length
of the neurogenic period could by itself also suffice to explain
the differences in neuron production is less clear. Moreover, if
this were the case, it would be important to determine whether
progenitor-intrinsic or extrinsic factors cause the lengthening
of the neurogenic period. In the following sections, we discuss
the neurogenic period prolongation hypothesis as a cause for
neocortical expansion, in both mathematical modeling as well as
experimental studies.

MATHEMATICAL MODELS OF
CORTICAL NEUROGENESIS

As cortical neurogenesis is a complex process, it can only
be understood by simultaneously taking into account the
spatiotemporal changes in the behavior of the various cell types of
this tissue. Several mathematical modeling approaches have been
used to describe and make testable predictions about cortical

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 May 2021 | Volume 9 | Article 676911174

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-676911 May 8, 2021 Time: 17:30 # 7

Stepien et al. Neurogenesis Length in Neocortex Evolution

FIGURE 2 | (A) Illustration of the effects of different modes of progenitor division on the number of neurons produced, showing the results after 3 cell cycles each.
Left: Asymmetric neurogenic progenitor divisions (1 progenitor: >1 progenitor + 1 neuron; see diagram) lead to a linear increase in total cell number with every cell
cycle (top graph, black), with the number of progenitors remaining constant (bottom graph, magenta) and the number of neurons increasing linearly after the first cell
cycle (bottom graph, blue). Right: In contrast, symmetric divisions lead to an exponential increase in total cell number with every cell cycle (top graph). The initial
symmetric proliferative progenitor divisions (1 progenitor: >2 progenitors; see diagram) double the number of progenitors with every cell cycle (bottom graph,
magenta). Upon progenitors switching to symmetric consumptive neurogenic division (arrow), the number of neurons (bottom graph, blue) is twice that of the (now
consumed) progenitors. The longer the neurogenic period and the greater the number of progenitor cell cycles, the greater the increase in the number of neurons
generated in the right scenario compared to the left one. (B) Illustration of the effects of delaying the switch of symmetric proliferative progenitor divisions to
asymmetric neurogenic progenitor divisions (see top and bottom diagrams). Progenitors undergo one (top) or two (bottom) cycle(s) of symmetric proliferative division
and then switch to asymmetric neurogenic progenitor divisions, with the number of progenitors then generated remaining constant and the number of neurons
increasing linearly. The number of neurons produced upon each asymmetric neurogenic progenitor division matches the number of progenitors present. Because the
number of progenitors is twice as high after two (bottom) than one (top) cycle(s) of symmetric proliferative division, the number of neurons added upon each cycle of
asymmetric neurogenic progenitor division is twice as high in the bottom than top scenario, leading to a steeper increase in neuron numbers and a greater neuron
output in the bottom scenario, although neurogenesis starts one progenitor cycle later.
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FIGURE 3 | Simplified model illustrating how a selective increase in upper-layer neurons in human as compared to mouse can be achieved by changing the type of
BP generated from aRG and the mode of BP division, with the same temporal progression regarding the change from deep-layer to upper-layer neuron generation.
In both mouse (top) and human (bottom), aRG (bottom cells in each diagram) undergo repeated cycles of asymmetric, self-renewing and BP-genic, division.
However, the type of BP generated and its mode of division over the course of neurogenesis are different. Top: With each cycle of asymmetric self-renewing division
(round arrows), an aRG in embryonic mouse neocortex generates one bIP (straight vertically pointing arrows), which then undergoes consumptive neurogenic
division, generating two neurons (pairs of straight oblique arrows). This leads to a linear increase in the total number of neurons generated, with two neurons added
per single aRG division cycle. Bottom: With each cycle of asymmetric self-renewing division (round arrows), an aRG in fetal human neocortex generates one bRG
(straight vertically pointing arrows). This undergoes repeated cycles of asymmetric, self-renewing division (round arrows), with the other daughter being a neuron
(straight oblique arrows). As each bRG persists due to self-renewal, this leads to a linear increase in the number of bRG with each aRG cycle. This in turn leads to a
progressive increase in the number of neurons generated per aRG cycle, which is equal to that in mouse after the 3rd aRG cycle, that is, an equal number of
deep-layer neurons has then been generated in both the mouse and human scenario. However, if we assume that for both mouse and human, BPs switch to
generate upper-layer neurons in the 4th aRG cycle, due to the accumulation of bRG in human, a greater number of upper-layer neurons in generated in this cycle in
human than mouse. This difference becomes even greater if in the next cycle, the bRG in human, like the bIPs in mouse, adopt a consumptive neurogenic mode of
division (red boxes), perhaps via the generation of bIPs (not illustrated; for a more detailed depiction of possible BP lineages, see Lewitus et al., 2014). Comments: (i)
Hence, lengthening the neurogenic period, e.g., from the 4th to the 5th aRG cycle, results in a selective increase in upper-layer neurons for both mouse and human;
(ii) a lineage of asymmetric self-renewing BP-genic aRG division followed by asymmetric self-renewing neurogenic bRG division followed by consumptive neurogenic
bRG division (see above) results in a greater upper-layer neuron output in human than the lineage of asymmetric self-renewing BP-genic aRG division followed by
consumptive neurogenic bIP division in mouse.
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neurogenesis both for given model species and for comparing
evolutionarily distinct mammals.

Early models of mouse cortical neurogenesis concentrated
primarily on the two main parameters: cell cycle kinetics, and
the temporal changes in the proportions of differentiative vs.
proliferative progenitor divisions (Takahashi et al., 1996, 1997;
Polleux et al., 1997b; Nowakowski et al., 2002). One such model
explored the relationship between the length of the neurogenic
period, expressed as a number of progenitor cell cycles, and the
fraction of cell cycle exits in time, to predict the final number of
neurons generated (Takahashi et al., 1997). Although this model
was based on a simplified description of progenitor cell behavior
and a shorter than real length of the neurogenic period, the
authors were able to show that both the length of neurogenesis
and the fraction of cell cycle exits could be manipulated in silico
to achieve larger or smaller cortices. Importantly, of these two
parameters, the prolongation of neurogenesis had a drastically
larger effect on the final neuronal output (Takahashi et al., 1997).

The recent accumulation of observational and experimental
data pertaining to mammalian cortical neurogenesis, as well
as to other developmental, physiological and ecological traits,
extending beyond a few model species, has triggered renewed
attempts to model the process of neurogenesis in evolution
in silico. These mathematical models have been aimed in
particular at elucidating the developmental mechanisms behind
two main outcomes of the evolutionary variation of cortical
neurogenesis: the differences between the numbers of cortical
neurons generated, and the change in the GI across various
mammalian species (Gohlke et al., 2007; Cahalane et al., 2014;
Lewitus et al., 2014; Mota and Herculano-Houzel, 2015; Picco
et al., 2018).

The study by Picco et al. (2018) used simplified parameters
accounting for proliferative, asymmetric and terminal neurogenic
divisions of progenitors to analyze neurogenesis in three
mammalian species: mouse, macaque and human. This model
postulated the critical importance of the timing of the switch from
the dominance of proliferative and asymmetric neurogenic to
terminal neurogenic divisions in determining the final neuronal
output. Interestingly, the effect of differences in the initial
progenitor pool size was small, which led to the unexpected—
and factually incorrect—prediction of a lower initial progenitor
pool for human than for macaque. Although this model
offered a minimal framework for assessing the effects of the
balance between different progenitor division modes on neuron
production, its broader biological significance is unclear.

Another modeling study has attempted to explain the
evolutionary increase across species in the number of neocortical
neurons and the concomitant spatial patterns of their distribution
(Cahalane et al., 2014). Using existing data on the cell cycle
length and exit kinetics, as well as apoptosis rate, derived from
15 mammalian species, the authors showed that changes in
these parameters allow for a massive variation in cortical neuron
numbers, with minimal contribution from the variations in initial
progenitor pool size. The model also predicted (i) the known
regional differences in neuron distribution, namely the increased
neuron number in posterior cortical regions, consistent with
the rostro-caudal gradient of neurogenesis (Rakic, 1974, 2002;

Gardette et al., 1982; Smart and Smart, 1982; McSherry and
Smart, 1986; Bayer and Altman, 1990; Sanderson and Weller,
1990; Caviness et al., 1995; Miyama et al., 1997; Polleux et al.,
1997a; Nowakowski et al., 2002; Collins et al., 2010; Collins, 2011;
Cahalane et al., 2012; Charvet, 2014; Charvet et al., 2015), and
(ii) the thickening of the upper cortical layers, which reflects
a disproportionately increased number of late-born neurons
(Marin-Padilla, 1992; Hutsler et al., 2005; Molnar et al., 2006;
Charvet et al., 2015). Additionally, in agreement with empirical
data (Rakic, 1974; McSherry and Smart, 1986; Collins et al., 2010;
Cahalane et al., 2012; Charvet, 2014; Charvet and Finlay, 2014;
Charvet et al., 2015), these differences were found to be more
pronounced in species with larger cortices (Cahalane et al., 2014).
Although manipulating the above-mentioned basic parameters
was sufficient to accurately predict final neuron number and
distribution, the model offered little explanatory insight as to
how a fine tuning of developmental events, e.g., by changing
the proportion of different progenitor pools, could contribute to
driving cortical expansion.

A more comprehensive mathematical modeling study
(Lewitus et al., 2014) aimed at explaining the variation of GI
and cortical neuron numbers across mammals using known
neuronal progenitor lineages and their characteristics. The
authors examined over a 100 mammalian species with respect
to their neocortical size and folding as well as a number of
physiological and life history traits. These species were found to
segregate into two distinct groups separated by a threshold GI
value of about 1.5. This separation depended on the existence
of a subpopulation of symmetrically dividing proliferative BPs
in the SVZ of highly gyrencephalic mammals and predicted
different rates of neuron production. Among species in either
group, when accounting for the initial progenitor pool size
and a given combination of progenitor lineages leading to
neurons, the final number of cortical projection neurons
produced depended on a single parameter—the length of the
neurogenic period (Lewitus et al., 2014). This finding implies
that within each of the two groups of mammals identified based
on their GI, the differences in the number of cortical neurons
produced can be explained by shortening or prolonging the
time of neurogenesis, without changes in progenitor lineages
or modes of progenitor division. In fact, in accordance with
experimental data (Herculano-Houzel, 2009), this model predicts
the human cerebral cortex to be just a scaled-up version of the
cerebral cortex of other primates, in which the increased neuron
number can be explained by lengthening of the neurogenic
period by about 8 days. The length of neurogenesis, a process
that in most mammals occurs primarily prenatally, was also
shown to strongly correlate with the average length of gestation
(Lewitus et al., 2014).

Taken together, the hypothesis that cortical neurogenesis
length is a decisive parameter in determining neuronal output,
particularly among closely related species with similar progenitor
populations, emerged from a number of mathematical modeling
studies (Takahashi et al., 1997; Cahalane et al., 2014; Lewitus et al.,
2014; Picco et al., 2018). In the next section, we present available
experimental evidence supporting this hypothesis, and explore
the nature of potential determinants of neurogenesis length.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 May 2021 | Volume 9 | Article 676911177

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-676911 May 8, 2021 Time: 17:30 # 10

Stepien et al. Neurogenesis Length in Neocortex Evolution

ROLE OF NEUROGENIC PERIOD
LENGTH IN NEOCORTEX
EXPANSION—EXPERIMENTAL
EVIDENCE

Genes Affecting Cortical Progenitor
Division and Neurogenic Period Length
Although neurogenic period length has emerged in theoretical
and modeling studies as a crucial parameter determining
neuron numbers during the evolutionary expansion of the
neocortex, addressing the role of neurogenic period length
directly by experimental approaches has been challenging. This
has been mostly due to a lack of tools allowing for the
specific manipulation of neurogenic period length independent
of affecting other parameters of cortical neurogenesis. Instead,
most studies addressing neocortex expansion during evolution
have aimed at identifying and characterizing genomic differences
between small- and large-brained species, typically humans and
rodents (Namba and Huttner, 2017; Cardenas and Borrell, 2020;
Vaid and Huttner, 2020), and recently also apes (Prescott et al.,
2015; Mora-Bermudez et al., 2016; Otani et al., 2016; Rosales-
Reynoso et al., 2018), that lead to an increase in neocortical
neuron production, with its resulting consequences. The latter
include thickening of the cortical wall, particularly of its upper
layers, and the tangential expansion of the neocortex, resulting in
increased surface folding (Florio et al., 2015, 2018; Ju et al., 2016;
Liu et al., 2017; Namba and Huttner, 2017; Fiddes et al., 2018;
Kalebic et al., 2018; Suzuki et al., 2018; Cardenas and Borrell,
2020; Heide et al., 2020; Vaid and Huttner, 2020). Although a
number of evolutionarily changed genes have been shown to
regulate the primary progenitor pool by affecting the division
mode of aRG (Fish et al., 2006; Buchman et al., 2010; Nicholas
et al., 2010; Gruber et al., 2011; Pinson et al., 2019), changes
across species in the genome that affect the proliferative potential
of BPs are of particular interest (Florio et al., 2015, 2018; Ju
et al., 2016; Fiddes et al., 2018; Suzuki et al., 2018; Heide et al.,
2020; Vaid and Huttner, 2020), given the expansion of the oSVZ
in the human lineage (Fietz et al., 2010; Hansen et al., 2010;
Lamonica et al., 2012; Betizeau et al., 2013; Pfeiffer et al., 2016).
Indeed, the increased BP proliferation induced by overexpression
of such genes, e.g., of the human-specific genes ARHGAP11B or
NOTCH2NL (Notch 2 N-terminal like), in model species was
found to induce features commonly associated with neocortex
expansion, such as a specific increase in upper-layer neurons or
cortical folding (Florio et al., 2015; Ju et al., 2016; Liu et al., 2017;
Kalebic et al., 2018; Heide et al., 2020). Of note, forced expression
of human-specific ARHGAP11B in developing ferret neocortex
was found to prolong neurogenesis (Kalebic et al., 2018), as is
discussed further below. The challenge is to determine whether
any effect on the length of the neurogenic period that is associated
with the increased BP proliferation is the result of the latter,
or an independent effect (for example, delaying the fate switch
of progenitors from producing neurons to producing glia, or
postponing the acquisition of quiescence of progenitors) caused
by such genomic changes.

In vitro Models of Cortical Neurogenesis
Some of the more informative studies addressing this question
include comparative studies that examine the evolutionary
changes in the dynamics of cortical neurogenesis in vitro, as
the culture systems allow for easier tracking of developmental
events over a wide time window with frequent sampling. The
basic program of cortical neurogenesis, including the formation
of fluid-filled ventricle-like cavities, progression through specific
progenitor cell lineages, and sequential generation of deep- and
upper-layer neurons, can be recapitulated by neural precursors,
derived from embryonic stem cells or induced pluripotent stem
cells in vitro, in both 2D and 3D cultures (Eiraku et al., 2008;
Gaspard et al., 2008; Shi et al., 2012; Lancaster et al., 2013; Mora-
Bermudez et al., 2016; Otani et al., 2016). Such culture systems
have been used to compare the behavior of neural progenitor
cells derived from rodent and primate species (Eiraku et al.,
2008; Gaspard et al., 2008; Espuny-Camacho et al., 2013; Mora-
Bermudez et al., 2016). These studies show that both mouse and
human cells follow an intrinsic developmental program; however,
the sequential steps of neurogenesis were found to be protracted
in the human culture, leading to generation of larger structures
(Eiraku et al., 2008; Lancaster et al., 2013; Espuny-Camacho
et al., 2013). Mouse progenitors generated the first neurons
around 7 days after the initiation of neuronal differentiation
in the in vitro cultures, and completed neuron production
within approximately 20 days after initiation of differentiation,
while human cells started neurogenesis around 2–4 weeks after
initiation of differentiation and continued producing neurons
for much longer, up to 15 weeks (Gaspard et al., 2008; Espuny-
Camacho et al., 2013).

Following these findings, a comparative study characterized
the temporal dynamics of the progenitor cell populations in
macaque, chimpanzee and human using 2D and 3D in vitro
cultures, uncovering major differences in their behavior (Otani
et al., 2016). In contrast to mouse BPs, which mostly generate
neurons and hence do not exhibit significant self-amplification
(Noctor et al., 2001, 2004; Haubensak et al., 2004), in the above-
mentioned primates progenitor self-amplification occurs in
parallel with neurogenesis, consistent with in vivo findings (Otani
et al., 2016). This leads to a substantially larger neuronal output
of primate, compared to rodent, progenitor cells. Importantly, the
authors also demonstrated profound differences in the timing of
neurogenesis among primate species (Otani et al., 2016). Human
progenitors prolonged their proliferative phase compared to
macaque progenitor cells. Thus, while human progenitors kept
expanding their pool size exponentially up to 20 days longer
than macaque cells, macaque progenitors switched to asymmetric
division earlier, which led to a linear rather than exponential
increase in the size of their progeny. In addition, macaque
progenitors generated a substantial proportion of progeny that
exited the cell cycle earlier than human progenitors. Furthermore,
chimpanzee and human progenitors switched from producing
deep-layer neurons to upper-layer neurons later than macaque
progenitors. These species-specific temporal features were cell-
autonomous, as they remained unaffected by the co-culture with
progenitors of another species.
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Taken together, these in vitro findings point to the existence
of intrinsic temporal differences in neurogenic events among
different mammalian species. First, there are species-specific
temporal differences in cell production rate (Otani et al.,
2016), which likely depend on the division mode of the
relevant progenitor type. Second, the in vitro systems at least
partly recapitulate the overall lengthening of neurogenesis in
human compared to mouse and, to a lesser extent, macaque.
These findings could explain the differences in the final
number of neurons produced in culture; however, they do
not fully account for the in vivo situation. Importantly, as
described above, few significant differences between human and
chimpanzee neurogenesis timing in vitro have been reported
(Otani et al., 2016), despite an over twofold difference in the
number of cortical neurons between these two species in vivo
(Herculano-Houzel et al., 2007). The differences in the timing
of neurogenesis between human and non-human primates
observed in vivo vary from those observed in vitro, which
may reflect certain limitations of the latter model systems, in
particular regarding the development of an oSVZ. This issue
has recently been competently discussed (Betizeau and Dehay,
2016). This discrepancy could be resolved by the conclusions
from the mathematical modeling study (Lewitus et al., 2014),
which suggests that for species with similar progenitor types
and lineages, such as human and chimpanzee, the bulk of the
difference in neuron production can be explained by simply
prolonging the neurogenic period by a few days. Such subtle
changes in neurogenesis length may not be easily recapitulated
in vitro. Interestingly, timing differences at earlier stages of
cortical development modeled in vitro between human and other
great apes have been noted in a recent study (Benito-Kwiecinski
et al., 2021). In this system, neuroepithelial cells in human
cerebral organoids delayed the switch to a more mature transition
morphotype prior to the onset of neurogenesis compared with
chimpanzee and gorilla. This led to a shorter cell cycle length
of human neuroepithelial cells and an increase in the number of
neurogenic progenitors leading to more neurons.

Links Between Progenitor Behavior and
Length of Neurogenesis
Another unsolved question is whether the changes in progenitor
proliferative potential, and hence in the different rates of cell
production, and the differences in the length of the neurogenic
period across species are causally connected. A recent in vivo
study with relevance to this question points to a potential link.
Specifically, in exploring the effects of the human-specific gene
ARHGAP11B on neocortex expansion, both an increase in the
proliferation of BPs and a prolongation of the neurogenic phase
was observed when that gene was overexpressed in the developing
ferret neocortex, resulting in greater neuron production (Kalebic
et al., 2018). Moreover, ARHGAP11B expression led to a specific
increase of upper-layer neurons, recapitulating a hallmark of
the evolutionary expansion of the neocortex. In spite of these
observations, it remains unclear by what mechanism increasing
the proliferative capacity of progenitors could be linked to
the prolongation of neurogenesis. Similarly, it remains to be

determined if increasing the proliferative capacity of progenitors
somehow affects the timing of deep-layer vs. upper-layer neuron
production, or whether these two phenomena are mechanistically
distinct. Hence, the challenge has been to obtain experimental
evidence either for or against a causal link between the
proliferative capacity of progenitors and the length of the
neurogenic period.

In vivo Evidence for a Role of Neurogenic
Period Lengthening in Neocortex
Expansion
We recently addressed the potentially critical role of a
prolongation of the neurogenic period on increased neocortical
neuron production. In a nutshell, our study directly demonstrates
that lengthening of the neurogenic period can induce hallmarks
of neocortex expansion, without overt alterations in the existing
progenitor lineages (Stepien et al., 2020). Our study used a
mouse model system to explore a possible causative relationship
between the prolongation of the neurogenic period and the
increased number of neocortical neurons produced, without
introducing genetic changes that would affect the lineage of
progenitors. Given the correlative evidence linking the length of
neurogenesis with gestation length (Lewitus et al., 2014; Glatzle
et al., 2017), we took advantage of a number of inbred mouse
strains, previously characterized to have a genetically determined
difference of about 1–2 days in the average gestation length.
This corresponds to about 5–10% of the total length of mouse
pregnancy (Murray et al., 2010). We could show that the strains
with a longer gestation produced significantly more cortical
neurons than the short-gestation strains (Stepien et al., 2020).
Moreover, this increase in the number of neurons was brought
about by extending the neurogenic period by about 1 day, and—
accordingly—pertained specifically to the late-produced upper-
layer neurons of the neocortex.

Moreover, there were no major alterations to the rate of
neuron production between short- and long-gestation strains
(Stepien et al., 2020). That is consistent with a steady rate
of neurogenesis in mice due to the dominance of asymmetric
neurogenic aRG divisions (Miyata et al., 2001; Noctor et al., 2001;
Haubensak et al., 2004). Therefore, the increase in upper-layer
neuron production was due to a longer retention of a pool of
cycling neurogenic progenitors, rather than an increased rate
of neuron production per unit time, in the long-gestation mice
(Stepien et al., 2020). In the latter scenario, there would be an
increase in neuron generation rates throughout neurogenesis
(Polleux et al., 1997b), which was not observed. That neuronal
add-on to the existing neurogenic program occurred without
altering the timing of the fate switch between deep-and upper-
layer neuron production, which took place at around embryonic
day 14.5 (Stepien et al., 2020), as reported previously (Saurat et al.,
2013; Toma et al., 2014; Klingler et al., 2019).

We also addressed potential mechanisms leading to the
prolongation of the neurogenic period (Stepien et al., 2020).
Given the correlation of upper-layer neuron production and
neurogenesis length with the length of gestation, which has been
found to be maternally determined in the mouse strains analyzed
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(Murray et al., 2010) as well as in other mammals (Zhang et al.,
2017), we hypothesized that the maternal environment could
provide cues controlling cortical neurogenesis timing. To test
this hypothesis, the embryos of the short-gestation strain were
transferred into long-gestation strain foster mothers, and vice
versa (Stepien et al., 2020). The short-gestation strain fetuses that
developed in the maternal environment of the long-gestation
strain fosters were found to specifically increase the number of
upper-layer, but not deep-layer, cortical neurons generated, to the
level characteristic of the foster mother phenotype. Conversely,
long-gestation strain fetuses developing in short-gestation strain
mothers showed a diminished number of upper-layer neurons
generated, in accordance with the maternal phenotype. These
results show that, at least in mouse, maternal factors are
sufficient to drive the prolongation of neurogenesis in a non-
cell autonomous way, independent of the genotype and local
environment of the embryo.

Although our study—to the best of our knowledge—is the first
direct demonstration of the causative effect of the lengthening
of the neurogenic period on the expansion of upper-layer
cortical neurons (Stepien et al., 2020), such a role in interspecies
evolution remains unclear. One piece of evidence pointing to
the conservation of such a role between different mammalian
species was obtained by analyzing a rat-mouse chimeric embryo
generated in our study. The chimeric embryo, generated by
injecting mouse ES cell into a rat morula, was allowed to develop
in a rat foster mother, and its neocortex was then analyzed
at E19.5 to compare the number of cortical neurons produced
to that of plain mouse or rat embryos. Interestingly, while the
number of deep-layer neurons was comparable between embryos
of either species and the chimeric embryo, the number of upper-
layer neurons in the chimeric neocortex was greater than that
of a mouse, but comparable to a rat, embryonic neocortex,
regardless of whether these neurons were generated by mouse or
rat progenitors (Stepien et al., 2020). This finding is consistent
with a key role of the maternal environment in controlling the
production of cortical neurons, likely by its effect on the length
of neurogenesis.

FUTURE DIRECTIONS—FACTORS
CONTROLLING NEUROGENIC PERIOD
LENGTH

Progenitor-Intrinsic vs. Extrinsic Signals
Lengthening of the neurogenic period has emerged as a so far
little studied mechanism driving the evolutionary expansion of
the neocortex. Existing experimental data suggest that an increase
in the neurogenic period length could result from either a
change in the intrinsic properties of progenitor cells, an alteration
of cell-extrinsic signals, possibly derived from the maternal
environment, or from a combination of these two sources. Thus
far the exact contribution of cell-intrinsic and -extrinsic factors is
elusive, with some seemingly contradictory findings.

While our study of neurogenic period lengthening in mice
has shown that cell-extrinsic, maternally-controlled factors can

control this process (Stepien et al., 2020), comparative studies
of human, apes and ferret in vitro and in vivo (Otani et al.,
2016; Kalebic et al., 2018) suggest genetically encoded cell-
intrinsic properties of progenitors can also be responsible. If
these findings were regarded as a discrepancy, there could
be various explanations. First, in our study of mouse inbred
strains, by concentrating on the intraspecies differences, we
were able to separate the effect of neurogenic period length
from other possible evolutionary changes in progenitor lineages
and their proliferative capacity (Stepien et al., 2020). Although
the latter differences between inbred mouse strains cannot be
completely excluded, their effect on the observed phenotype is
negligible as evidenced by the results of the embryo transfer
experiments. In contrast, comparing interspecies differences
necessarily includes the confounding effects of a multitude of
genetic changes affecting progenitor biology. These clearly would
alter the rate of neuron production in the course of neurogenesis,
due to changing the balance between symmetric proliferative,
asymmetric neurogenic and terminal progenitor divisions.

In this context, it should be noted that increasing the intrinsic
proliferative potential of BPs can also lead to changes in the
timing of various neurogenic events, such as delaying the
switch from deep-layer to upper-layer neuron production, and
increasing the overall length of neurogenesis (Kalebic et al.,
2018). Whether the effects on the progenitor division mode can
be uncoupled from the temporal events, or if they are linked
by an underlying biological mechanism, is an open question.
Nonetheless, it is increasingly likely that the lengthening of
the neurogenic period, i.e., between human and closely related
primate species, requires two independent components—one
linked tightly to evolutionary changes in the proliferative
potential of neural progenitors, the other—uncoupled from
that process—controlled by cell-extrinsic, potentially maternally-
derived factors. Figure 4 summarizes, for embryonic mouse and
fetal human neocortex, the two major factors underlying the
increase in neuron production associated with the evolutionary
expansion of the neocortex— (i) increasing the proliferative
capacity of BPs, and (ii) increasing the length of the neurogenic
period.

Toward Identifying Extrinsic Signals
While the role of cell-intrinsic, particularly human-specific,
factors controlling progenitor proliferative capacity have been
the subject of numerous studies (Namba and Huttner, 2017;
Cardenas and Borrell, 2020; Vaid and Huttner, 2020), the nature
of cell-extrinsic factors, including those potentially derived
from the maternal environment, is unknown. A role of the
maternal environment in the evolution of brain and neocortex
size has been hypothesized previously, based on correlative
evidence (Pagel and Harvey, 1988; Martin, 1996; Lewitus et al.,
2014). One of the early hypotheses suggested the maternal
basal metabolic rate and energy expenditure as a rate-limiting
factor in prenatal brain growth (Martin, 1996). This model
explained the link between maternal metabolic rate, offspring’s
brain size, and gestation length by suggesting that for a given
brain size the decrease in the metabolic rate of the mother
results in simultaneous extension of the gestation period in

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 May 2021 | Volume 9 | Article 676911180

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-676911 May 8, 2021 Time: 17:30 # 13

Stepien et al. Neurogenesis Length in Neocortex Evolution

FIGURE 4 | Diagram illustrating the two major factors underlying the increase, during development, in neuron production associated with the evolutionary expansion
of the neocortex, as depicted for mouse vs. human in the top row (images not drawn to scale). (1) Middle row: Increase in the proliferative capacity of BPs by
changing the type of BPs and their mode of division. BPs in embryonic mouse neocortex comprise mostly bIPs of which each one undergoes a single consumptive
division generating two neurons (N). BPs in fetal human neocortex comprise both bRG and bIPs, both of which can undergo various modes of cell division (see
Lewitus et al., 2014) of which the following are illustrated. bRG may undergo repeated asymmetric self-renewing divisions generating one neuron each. bIPs may first
undergo symmetric proliferative divisions, resulting in an exponential increase in their number, followed by consumptive neurogenic divisions of these bIPs. (2)
Bottom row: Selective increase in upper-layer cortical neurons upon lengthening the neurogenic period. Once progenitors (P) that generate neurons (N) have
switched from generating deep-layer neurons to generating upper-layer neurons, a lengthening of the neurogenic period (red bar) during neocortex development,
e.g., in fetal human as compared to embryonic mouse, will result in selectively increasing upper-layer neurons. For simplicity, and to illustrate the underlying principle,
irrespective of the actual lineages in embryonic mouse vs. fetal human neocortex (see middle row), in the example illustrated, a progenitor is assumed to
successively generate first deep-layer and then upper-layer neurons by repeated asymmetric self-renewing divisions, which occur for longer in fetal human than
embryonic mouse neocortex. Not illustrated—for the ease of presentation—are other lineage scenarios, in which with a mixed population of progenitors, some
progenitors undergo symmetric proliferative divisions while others undergo neurogenic, e.g., symmetric consumptive, divisions, with both types of progenitor
divisions occurring for longer in species developing an expanded neocortex.
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order to provide sufficient energy for neurogenesis. However, the
underlying assumptions of this model have since been questioned
(Barton, 2006). Thus, the bulk of neocortical neurogenesis is
completed in most species during the prenatal period, whereas
the timing of neurogenesis in relation to birth can be widely
different (Clancy et al., 2001; Workman et al., 2013).

The limiting factor for studying the effects of maternal
environment on neocortical development, particularly in relation
to the evolutionary lengthening of both gestation and neurogenic
period, is the complexity of the interaction between maternal
and fetal compartments. Studies of factors determining the
physiological gestation length are few and far between, although
most point to a primarily maternal nature of these factors,
involving multiple genetic loci (Murray et al., 2010; Zhang et al.,
2017; Ewert et al., 2018; Rodrigues et al., 2020). In light of
the multiplicity of genetic loci involved, a genetic manipulation
of gestation period length that goes beyond small intraspecies
variation appears to be challenging, if not impossible, in the near
future. Studying chimeric animals, as shown in our study (Stepien
et al., 2020), offers an approach to manipulate the maternal
environment of the developing brain; however, this approach is
currently limited to closely related species with similar gestation
lengths, as obtaining animals with high degree of chimerism from
more divergent species has so far been unsuccessful (Wu et al.,
2017; De Los Angeles et al., 2018; Fu et al., 2020).

Maternally-Derived Extrinsic Signals
An alternative approach entails searching directly for potential
molecular factors that could be transferred from the maternal
environment into the developing fetal nervous system. A number
of biologically active substances are already known to affect brain
development due to pathologies caused by their dysregulation.
Here, small molecule metabolites, nutrients and hormones such
as thyroid hormones (Stepien and Huttner, 2019; Batistuzzo
and Ribeiro, 2020), retinoic acid (McCaffery et al., 2003), folic
acid (Ramaekers et al., 2013; Balashova et al., 2018), and gut
flora-derived compounds (Vuong et al., 2020) have received
particular attention. It would be interesting to test if evolutionary
changes in the production, transport and local metabolism of
these compounds can affect the timing of neurogenesis. Such
a role has been proposed for thyroid hormones (Stenzel and
Huttner, 2013; Stepien and Huttner, 2019), in light of their
known role in controlling heterochrony in other contexts (Faunes
and Larrain, 2016) and of the fact that thyroid hormone
signaling components show profound differences in expression
and functionality between mammalian species (Stepien and
Huttner, 2019). Interestingly, binding of thyroid hormones
and activation of integrin αvβ3 was shown to increase BP
proliferation (Stenzel et al., 2014). This particular integrin is
also upregulated in the human oSVZ compared to the mouse
SVZ (Fietz et al., 2012), pointing to a potential evolutionary
mechanism for BP amplification.

To affect neurogenic period length directly, potential maternal
factors must by necessity be able to act over a long range. To
enter the developing brain, they have to pass through multiple
barriers, most crucially the placenta and the developing blood-
brain barrier (Goasdoue et al., 2017; Landers and Richard, 2017;

Saunders et al., 2019; Stepien and Huttner, 2019). When
considering potential delivery routes to the developing neocortex,
two compartments are particularly relevant: the neurovasculature
and the cerebrospinal fluid (CSF) system. A future detailed
characterization of the chemical composition of blood and CSF
and its changes in both ontology and evolution is likely to
result in the identification of candidate compounds, which can
subsequently be tested for their role in controlling cortical
neurogenesis and its length. This approach, although laborious
and requiring adequate bioinformatic analysis of complex
datasets, would be unbiased and would allow the identification of
candidate molecules, irrespective of whether they are transferred
from maternal to fetal compartment directly, or are produced
downstream in response to maternal signals. Hopefully, the
rising interest of the scientific community in the CSF and
neurovascular systems (Fame and Lehtinen, 2020) may well lead
to breakthrough discoveries concerning such factors.

CONCLUSION

There is an accumulating body of evidence that the increase in
the length of the neurogenic period is a crucial factor underlying
neocortical expansion during evolution. The fundamental role
of this determinant, initially predicted over 30 years ago (Rakic,
1988, 2002), has been supported by both mathematical modeling
studies and, more recently, experimental data. Nonetheless, the
robust determination of the importance of neurogenic period
length in the increase of human brain size, and mammalian brain
evolution in general, has been hampered for various reasons.
These include (i) the lack of reliable information on the length of
the neurogenic period in a sufficiently large collection of species,
(ii) the possible interplay between progenitor proliferative
capacity and neurogenic period length per se in determining
neuronal output, and (iii) the lack of suitable model systems that
can easily be manipulated. Our finding that various inbred mouse
strains differ in the length of cortical neurogenesis, which in turn
results in changes in the final number of neurons generated,
opens up avenues for further mechanistic studies. In addition,
the identification of the maternal environment as a determinative
factor in neurogenic period prolongation offers a direction
for the elucidation of the molecular players that control such
prolongation. Together with a characterization of neurogenesis
in an increasing number of mammalian species, an elucidation
of genetic and cell biological differences in progenitor behavior,
and a refining of in vitro model systems such as brain organoid
cultures, the various findings discussed in this review should
provide a basis for a better understanding of the evolutionary
changes underlying the development of the human neocortex.
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The developing retina expresses multiple bHLH transcription factors. Their precise
functions and interactions in uncommitted retinal progenitors remain to be fully
elucidated. Here, we investigate the roles of bHLH factors ATOH7 and Neurog2 in
human ES cell-derived retinal organoids. Single cell transcriptome analyses identify
three states of proliferating retinal progenitors: pre-neurogenic, neurogenic, and cell
cycle-exiting progenitors. Each shows different expression profile of bHLH factors. The
cell cycle-exiting progenitors feed into a postmitotic heterozygous neuroblast pool that
gives rise to early born neuronal lineages. Elevating ATOH7 or Neurog2 expression
accelerates the transition from the pre-neurogenic to the neurogenic state, and expands
the exiting progenitor and neuroblast populations. In addition, ATOH7 and Neurog2
significantly, yet differentially, enhance retinal ganglion cell and cone photoreceptor
production. Moreover, single cell transcriptome analyses reveal that ATOH7 and
Neurog2 each assert positive autoregulation, and both suppress key bHLH factors
associated with the pre-neurogenic and states and elevate bHLH factors expressed
by exiting progenitors and differentiating neuroblasts. This study thus provides novel
insight regarding how ATOH7 and Neurog2 impact human retinal progenitor behaviors
and neuroblast fate choices.

Keywords: human ES cells, retinal organoid, bHLH factors, single cell RNA-sequencing, neuronal differentiation,
retinal ganglion cells

INTRODUCTION

As an integral component of the central nervous system, the vertebrate neural retina retains a highly
conserved laminar structure that senses, processes, and delivers visual information to the brain.
Classic cell birth dating and lineage tracing studies have established that the seven major neuronal
cell types constituting the retinal network are generated in a temporal order from a common ocular
progenitor pool during development (Young, 1985; Livesey and Cepko, 2001; Wong and Rapaport,
2009). The ensuing research has ruled out a rigid deterministic cell fate specification mechanism,
but instead supports a view that multipotent progenitors progressively evolve through different
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competence states to enable the sequential production of distinct
cell types (Cepko et al., 1996; Livesey and Cepko, 2001).
Cumulative molecular genetic studies have uncovered important
roles of cell intrinsic factors involved in retinal development
(Xiang, 2013). Among these, transcription factors containing the
basic helix-loop-helix (bHLH) motif have emerged as important
players regulating the production and differentiation of various
retinal cell types (Akagi et al., 2004). Multiple bHLH factors
are expressed during retinal development either in proliferating
progenitors or in postmitotic neurons; however, their dynamic
regulation and function in specific cellular contexts remain to be
fully elucidated.

The bHLH factors Atoh7 and Neurog2 are both expressed
early in the developing vertebrate retinal epithelium. Atoh7 plays
a critical role in the development of an early born retinal neuronal
type, the retinal ganglion cells (RGCs), which project axons
through the optic nerve to multiple higher visual centers (Young,
1985; Hoon et al., 2014). Both Atoh7 and Neurog2 mRNAs are
expressed by subsets of early retinal progenitors, with some co-
expression at the protein level during certain time windows
(Brown et al., 1998; Fu et al., 2009; Miesfeld et al., 2018a).
Loss of Atoh7 function in mouse, zebrafish, and humans results
in a severe reduction of RGCs leading to a diminished optic
nerve and blindness (Brown et al., 2001; Kay et al., 2001; Wang
et al., 2001; Ghiasvand et al., 2011; Miesfeld et al., 2020). Atoh7
deficiency also causes a minor abnormality in the production of
cone photoreceptors, another early-born cell type in the retina
(Brown et al., 2001). In contrast, genetic ablation of Neurog2
yields a transient stall of neurogenesis but without severe lasting
deficits (Hufnagel et al., 2010). In the mouse retina, Atoh7 protein
is not detected in fully differentiated RGCs (Fu et al., 2009;
Miesfeld et al., 2018a), suggesting that its main biological activity
is transiently required in uncommitted early progenitors. Ectopic
expression of Atoh7 in different late stage retinal progenitors
either redirects progenitors toward an RGC fate (Mao et al.,
2013) or fails to specify the RGC fate (Prasov and Glaser, 2012).
Therefore, Atoh7 is thought to confer a competent state of
progenitors to adopt early cell fates (Brzezinski et al., 2012).
In the absence of Atoh7, co-expression of two downstream
transcription factors Islet1 and Pou4f2 is sufficient to rescue the
RGC production deficit and ensure full execution of the RGC
differentiation program in the mouse retina (Liu et al., 2001; Mu
et al., 2008; Pan et al., 2008; Li et al., 2014; Wu et al., 2015). We
have shown previously that viral mediated expression of human
ATOH7 in the developing chicken retina results in precocious
neurogenesis and a significant increase in RGC production
(Zhang et al., 2018), supporting a hypothesis that a critically
high threshold of ATOH7 expression triggers uncommitted early
progenitors to exit the cell cycle and predominantly adopt the
RGC fate (Prasov et al., 2012).

In the human retina, RGC development occurs during the
first trimester and remains a minor cell population in the mature
retina (Hendrickson, 2016; Hoshino et al., 2017; Mellough et al.,
2019). This scarcity of human RGCs has hindered research
on human RGC development as well as blinding diseases
caused by RGC loss. The advancements of pluripotent stem
cell technologies in the preceding decade have led to robust

stem cell based retinal organoid culture systems (Meyer et al.,
2011; Nakano et al., 2012; Reichman et al., 2014; Ohlemacher
et al., 2016), thus providing an excellent opportunity to produce
and study human RGC development in vitro. Recent single
cell transcriptomic analyses have revealed that primate retinas,
including humans, show distinct molecular features and RGC
subtype proportions compared to rodents (Liang et al., 2019; Lo
Giudice et al., 2019; Lukowski et al., 2019; Menon et al., 2019;
Peng et al., 2019; Cowan et al., 2020; Hoang et al., 2020; Lu
et al., 2020; Sridhar et al., 2020; Yan et al., 2020). In this study,
we have examined the function of bHLH factors ATOH7 and
Neurog2 on human RGC development using embryonic stem
cell (ESC)-derived 3D retinal organoids. Our results demonstrate
that elevating these two factors in uncommitted human retinal
progenitors asserts powerful neurogenic effects. By performing
single cell transcriptomic analysis, we identify distinct statuses
of human retinal progenitors, including a population poised to
exit the cell cycle. Our results show that ATOH7 and Neurog2
participate and regulate an interactive gene network to accelerate
progenitors through two transitional stages to adopt postmitotic
neuronal identities.

RESULTS

Viral Mediated bHLH Factor Expression
Affects Progenitor Proliferation in 3D
Human Retinal Organoids
To investigate the roles of bHLH neurogenic factors during
development of the human retina, we established H9 embryonic
stem cell (ESC)-derived 3D retinal organoid cultures (Kuwahara
et al., 2015; Ohlemacher et al., 2016). These human retinal
organoids showed typical morphology of the retinal neural
epithelium and co-expressed PAX6 and VSX2 transcription
factors (Supplementary Figure 1), a characteristic feature
specific to retinal progenitors. To regulate gene expression during
retinogenesis, we constructed lentiviral vectors that encode the
doxycycline (Dox) inducible TetO promoter upstream of the
human ATOH7 cDNA fused with the Flag epitope tag (LV-
ATOH7f) or co-expressing EGFP and puromycin resistant genes
(LV-AEP) (Figure 1A). We also produced a previously described
lentiviral TetO vector co-expressing the mouse Neurog2, EGFP,
and puromycin resistant genes (LV-NEP) (Zhang et al., 2013;
Figure 1A). Immunohistochemistry confirmed Dox-induced
bHLH protein expression following in vitro co-infections of H9
ESCs with LV-rtTA and either LV-ATOH7f, LV-AEP, or LV-NEP
(Figure 1B). We next carried out co-infection of retinal organoids
with LV-rtTA and either LV-AEP or LV-NEP at the onset of
retinogenesis followed by Dox inductions (Figure 1C). Live
imaging of the EGFP reporter showed that at 24 hours post Dox
induction, significant numbers of LV-AEP or LV-NEP infected
cells had already migrated toward the inner retina compared to
cells from the control LV-GFP infected organoids. This trend
continued and became more obvious as the Dox induction times
lengthened (Supplementary Figure 2). By 6-days after Dox
induction, the majority of LV-AEP and LV-NEP infected cells
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FIGURE 1 | Inducible lentivirus-mediated gene expression in human ES cell-derived retinal organoids. (A) Schematics of lentiviral vectors used in the study. A vector
expressing rtTA under the control of the constitutive Ubiq promoter was used to co-infect human ES cells with lentiviral vectors encoding the inducible TetO
promoter. Puro, puromycin-resistant gene; P2A and T2A, intervening 2T sequences in frame with the coding sequences of the other genes in LV-NEP and LV-AEP.
The Flag epitope tag was fused to the c-terminus of Neurog2 and ATOH7 coding regions. (B) Expression of Neurog2 and ATOH7 proteins as detected by
immunofluorescent microscopy in H9 ES cells co-infected with LV-rtTA and either LV-NEP, LV-AEP, or LV-ATOH7f after 36 h of Dox induction. Scale Bar for all, 20
µm. (C) Experimental time course of human retinal organoid derivation and lentiviral infection. (D,E) Confocal images (D) and merged confocal and bright field
images (E) show distribution of viral infected GFP+ cells in live retinal organoids at day 36 after 6 days of Dox induction. Names of lentiviruses are abbreviated as:
GFP for LV-GFP, NEP for LV-NEP, AEP for LV-AEP. Scale Bars, 100 µm.

were located in the inner layer of the organoids (Figures 1D,E),
indicating that viral mediated ATOH7 and Neurog2 expression
impacted retinal organoid development.

To investigate whether virally expressed bHLH factors
affected retinal progenitor proliferation, we performed BrdU
pulse-labeling and examined progenitor marker expression by
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immunohistochemistry. In the control LV-GFP infected retinal
organoids, BrdU-labeled and the proliferating cell nuclear
antigen (PCNA)-labeled progenitors occupied the ventricular
zone, whereas phospho-histone 3 (PH3) labeled M phase cells
were detected at the ventricular surface of the organoids
(Figures 2A–C). Furthermore, PCNA showed co-labeling with
PAX6-expressing progenitors in the ventricular zone, but was

absent from the PAX6+ cells located in the inner layer, where
postmitotic POU4F+ RGCs resided (Figures 2B,C). In contrast
to LV-GFP infected retinal organoids, in which GFP+ cells were
distributed throughout the neural epithelium, the majority of
GFP+ cells in LV-AEP and LV-NEP infected organoids were
located in the inner retinal layer and devoid of co-labeling with
BrdU or PCNA (Figures 2D,E). Quantification of dissociated

FIGURE 2 | Influences of viral mediated neurogenic factor expression on cell proliferation. (A–C) Immunofluorescence labeling of cross sections from retinal
organoids infected with LV-GFP. At day 34, PH3+ dividing cells are located at the ventricular surface (A), while PCNA+ progenitors occupy the ventricular zone and
are co-labeled with PAX6-expressing progenitors (B). Note that PAX6+ PCNA- postmitotic neurons are located to the inner layer of the retinal organoid. At day 40,
proliferating progenitors labeled with BrdU are distributed in the ventricular zone, whereas POU4F+ postmitotic retinal ganglion cells (RGCs) reside in the inner layer
of the retinal organoid (C). Scale bars, 20 µm. (D,E) Confocal images of cross sections from retinal organoids infected by LV-GFP, LV-AEP, or LV-NEP after 6-day
Dox induction. Co-staining of GFP with BrdU at day 36 (D, 3-h labeling) or PCNA at day 40 (E) shows that most LV-AEP and LV-NEP infected cells are postmitotic.
Scale bars, 20 µm. (F) Quantification of double labeled PCNA+ GFP+ progenitor cells among total viral infected GFP+ cells at day 47. Mean ± S.E.M. of n = 3
independent samples. One-way ANOVA, **p < 0.01.
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retinal organoids confirmed that percentages of GFP+PCNA+
double labeled cells were reduced significantly from 52.7 ± 8.0%
for LV-GFP infection to 9.0 ± 3.8% and 2.0 ± 1.9% for LV-AEP
and LV-NEP infections, respectively (Figure 2F). These results
demonstrate that viral driven ATOH7 or Neurog2 expression
promoted cell cycle exit.

Elevated Neurogenic Factor Expression
Promotes RGC Production in 3D Retinal
Organoids
The retinal projection neurons (RGCs) are among the earliest
neuronal cells produced during retinogenesis (Young, 1985;
Hoshino et al., 2017). In our human retinal organoid cultures,
RGC genesis was detected as early as day 25 and continued
through day 60 (Figure 2C). By day 40, retinal organoid-derived
neurons exhibited voltage-gated Na+, K+, and Ca2+ channels
as well as spontaneous and provoked electrophysiological
excitability in vitro during whole cell patch clamp recording,
characteristic of native RGCs (Supplementary Figure 3). TTX-
sensitive Na+ channels, TEA-sensitive K+ channels, and Cd2+-
sensitive Ca2+ channel currents were recorded. Average Na+
current amplitude was 219 ± 76 pA (n = 12) but in cells with
large Na+ currents (∼1 nA), multiple action potentials were
observed, while cells expressing smaller Na+ currents (200–
400 pA) typically produced a single spike. Average K+ current
amplitude at+ 40 mV was 438± 49 pA (n = 40).

To determine whether viral mediated ATOH7 or Neurog2
expression promoted RGC production, we performed
immunohistochemical analyses of retinal organoid sections
using known RGC markers (Figure 3). In LV-ATOH7f infected
retinal organoids, signals of the viral reporter Flag closely
correlated with POU4F-expressing RGCs in the inner retina
as detected by a pan-POU4F/BRN3 antibody (Figure 3A).
Compared to control LV-GFP infected organoids, both LV-AEP
and LV-NEP infected cells showed increased co-labeling with
the RGC markers NF145, NeuN, and DCX in the inner retina
(Figure 3B). Similarly, in attached organoid cultures that
displayed extensive neurite outgrowth, the ATOH7f-expressing
cells showed extensive co-labeling for the RGC markers POU4F,
NF145, and RBPMS (Figure 4A).

We also performed flow cytometry analyses of dissociated
retinal organoid cells to quantify the effects of viral mediated
ATOH7 or Neurog2 expression on RGC genesis (Figures 4B–
D). After 4 days of Dox induction at day 39, ATOH7
expression led to a twofold increase of POU4F+ cells, from
6.6 ± 0.68% of total cells in LV-GFP infected organoids to
13.7 ± 0.59% of total cells in LV-ATOH7f infected organoids
(Figure 4C). Among LV-ATOH7f infected cells, 57.1± 1.9% were
POU4F+ compared to 6.1 ± 1.1% among LV-GFP infected cells
(Figure 4D). However, LV-ATOH7f did not increase expression
of the RGC marker ISLET1 at this stage (Figure 4C). In
the parallel analysis, LV-NEP infection did not significantly
promote POU4F+ cells, but instead increased ISLET+ cells from
5.9 ± 0.95% to 11.1 ± 0.89% of total cells (Figure 4C), and
from 4.4 ± 1.1% to 18.4 ± 1.6% among viral infected cells
(Figure 4D). Similar analyses at day 47 following a 7-day Dox

induction showed significantly increased co-labeling with the
RGC markers ISLET1 (>10-fold of 6.3%), DCX (>4-fold of
21%), and NeuN (>20-fold of 4%) of LV-AEP and LV-NEP
infected cells compared with the control LV-GFP infected cells
(Figure 4E). These results demonstrate that elevated ATOH7
or Neurog2 expression promoted human RGC production in
retinal organoids.

Single Cell RNA-Sequencing Analysis
Reveals Accelerated Neurogenesis
To elucidate the influences asserted by viral driven ATOH7
and Neurog2 expression on transcriptome, we performed single
cell RNA-sequencing (sc RNA-seq) analysis. We first used
fluorescent activated cell sorting to enrich for LV-GFP, LV-AEP,
and LV-NEP infected retinal organoid cells between days 45
and 48 (Supplementary Figure 4), followed by 10X Genomics
automated single-cell capture, mRNA barcoding, and cDNA
library preparation. The high throughput DNA sequencing
resulted in 192,932, 153,154, and 132,651 mean readings per cell
for LV-GFP, LV-AEP, and LV-NEP samples, respectively. After
aligning to the reference human genome and eliminating poor
quality cells, the final single cell datasets had a mean gene range
between 2,935 and 3,079 per cell, and consisted of 3,004 cells
for LV-GFP, 2063 cells for LV-AEP, and 3909 cells for LV-NEP
infected samples.

The sc RNA-seq datasets were subjected to Seurat cell
clustering analysis (Butler et al., 2018), which resolved into 12–
15 clusters, and visualized as 2-dimensional UMAPs (Figure 5A).
We applied dot plot analysis using known genes to assign various
cell clusters into seven categories or states; each was represented
with one or two highly or uniquely expressed genes (Figure 5B
and Supplementary Figure 5). The pre-neurogenic progenitor
(PNP), neurogenic progenitor (NP), and cell cycle-exiting
progenitor (EP) categories all expressed CCDN1, encoding cyclin
D1, indicating that they all belonged to proliferative cells.
However, the pre-neurogenic progenitor cluster cells showed
distinctively high levels of PLOD2 transcripts (procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2), whereas the exiting progenitor
cells exhibited upregulation of GADD45A (growth arrest and
DNA damage inducible 45 alpha) and downregulation of the
retinal progenitor marker VSX2. The exiting progenitor cells
and postmitotic neuroblasts (NB) were the main populations
expressing ATOH7 mRNA (see Figure 9). Markers identifying
the early born retinal neuronal types included ISL1 and
POU4F2 for RGCs, CRX, and RCVRN for photoreceptors,
and PRDM13 and TFAP2A for horizontal and amacrine cells
(HC/AC) (Figure 5B and Supplementary Figure 5). These
sc RNA-seq analyses thus not only allowed identification of
the early postmitotic neuronal types in the human retinal
organoids at the time of analysis, but also revealed sub-classes
of neural progenitors with distinct molecular signatures, and
transitional states including cell cycle exiting progenitors and
postmitotic neuroblasts.

Next, we combined different cell clusters assigned to each of
the seven cell categories (Figure 6A) and performed a pseudotime
trajectory analysis (Figure 6B). Without defining the starting
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FIGURE 3 | Effects of viral mediated neurogenic factor expression on retinal ganglion cell genesis. Confocal images of retinal organoid sections immunolabeled with
retinal ganglion cell (RGC) markers. (A) Co-labeling of viral markers with a pan-POU4F antibody in LV-NEP and LV-ATOH7f infected retinal organoids at day 43.
(B) Merged images of viral marker GFP co-labeling with NF145 and NeuN at day 36, and DCX at day 46. Scale Bars, 20 µm.

and ending points, the trajectory of LV-GFP infected cells
revealed that the pre-neurogenic progenitors were closely related
to the neurogenic progenitors, which in turn produced exiting

progenitors that developed into the postmitotic neuroblasts and a
single trajectory including three types of retinal neurons. In both
LV-AEP and LV-NEP infected samples, the pseudotime trajectory
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FIGURE 4 | Impacts of elevating neurogenic factor expression on retinal ganglion cell genesis. (A) Immunofluorescent images of attached retinal organoid cultures
infected with LV-GFP or LV-ATOH7f after 4-day Dox induction at day 39. Co-labeling for viral vector markers with POU4F and NF145 at day 38, or POU4F1 and
RBPMS at day 41 shows high correspondence of LV-ATOH7f infection and RGC marker expression. Scale bars, 20 µm. (B) Representative flow cytometry profiles
of dissociated cells at day 39 from LV-GFP, LV-ATOH7f, and LV-NEP infected retinal organoids after 4-day Dox induction. Cells were co-labeled for RGC marker
POU4F and viral marker Flag for LV-ATOH7f, or GFP for LV-GFP and LV-NEP, respectively. (C,D) Bar graphs show flow cytometry quantification of RGC markers
POU4F and ISL1 among total cells (C) and viral infected cells (D) at day 39. (E) Quantification of cultured monolayer cells from LV-GFP, LV-AEP, and LV-NEP infected
retinal organoids at day 47 after 7-day Dox induction. Percentages of RGC marker ISL1, DCX, and NeuN positive cells among viral infected GFP+ cells are shown.
For (C–E) Mean ± S.E.M. of n = 3 independent samples. One-way ANOVA, ****p < 0.0001, ***p < 0.001, **p < 0.01. “*” is used to represent levels or ranges of
probability, i.e. statistical significance.

displayed a more clearly defined progression from the neurogenic
progenitors toward the existing progenitors, which in turn gave
rise to neuroblasts. The neuroblast cells showed a single node for
bifurcated trajectories separating the RGC and HC/AC branch

from the photoreceptor branch (Figure 6B). Quantification of
the different cell categories/states further demonstrated that LV-
AEP and LV-NEP infection significantly reduced the percentage
cells in the pre-neurogenic progenitor category from 25.2%
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FIGURE 5 | Characterization of lentivirus-infected human retinal organoids by single cell RNA-seq. (A) UMAP visualization of cell clustering based on sequencing of
single cell cDNA libraries from lentivirus infected retinal organoids between culture days 45–48 after 8-day Dox induction. The numbers of single cell that passed
quality control and used for downstream analysis are 3004 for LV-GFP, 2063 for LV-AEP, and 3909 for LV-NEP samples. (B) Dot plots show assignments of UMAP
clusters into seven major cell categories based on expression of known genes for different cell states or types during early retinal development. PNP, pre-neurogenic
progenitor; NP, neurogenic progenitor; EP, cell cycle-exiting progenitor; NB, neuroblast; RGC, retinal ganglion cell; PR, photoreceptor; HC/AC, horizontal cell and
amacrine cell. Minor cell clusters in LV-GFP and LV-NEP infected retinal organoids that do not show characteristic retinal gene expression are designated as
“unknown.” The average expression levels are represented by the intensity bar, and the percentages of cells expressing a given gene in a cluster are indicated as the
dot size.

to less than 4% (Figure 6C). Neurog2 expression also caused
a significant reduction of neurogenic progenitors from 45
to 26.9%. Concomitantly, ATOH7f and Neurog2 induction
increased the percentage of exiting progenitors from 2.2 to 4.5%
as well as the percentage of neuroblasts from 5.0 to 14.9% and
20.2%, respectively. Moreover, consistent with marker analysis,
elevated ATOH7f and Neurog2 expression resulted in increased
proportion of RGCs from 7.0 to 22.1% and 27.7% of total
cells, respectively (Figure 6C). Interestingly, Neurog2, but not
ATOH7f, enhanced the photoreceptor population from 3.4 to
9.8%; whereas ATOH7f, but not Neurog2, promoted HC/AC
proportions from 3.1 to 4.6% (Figure 6C). These sc RNA-seq data
demonstrated that elevating ATOH7f and Neurog2 expression
promoted transitions from the pre-neurogenic to the neurogenic
state and enhanced neurogenesis of early retinal cell types in
retinal organoids.

Neurogenic Factors Promote Transitions
of Distinct Developmental States
Since viral mediated expression of ATOH7 and Neurog2 affected
transitions between developmental states, we explored the key
characteristics of each cell state. We compiled differentially

expressed genes (DEGs, adjusted p < 0.05) of each cell
category for LV-GFP, LV-AEP, and LV-NEP samples (Supplement
Tables 1–3), and constructed heatmaps for the top 10 DEGs
displaying more than Log 1.5-fold change of expression levels
(Figure 7A and Supplementary Tables 4–6). In the control
LV-GFP infected sample, the top 10 DEGs in the pre-
neurogenic progenitor category included SLC2A1, encoding
glucose transporter protein type 1 (GLUT1), and GPI, glucose-6
phosphate isomerase, and were quite distinct from those of
the neurogenic progenitors. In LV-AEP and LV-NEP infected
retinal organoids, the pre-neurogenic progenitors were not
only reduced, but also shared genes, such as SFRP2, IFITM3,
and VIM with the neurogenic progenitors. In all three virus
infected samples, the exiting progenitors shared top DEGs,
including HES6, a suppressor of HES1 (Bae et al., 2000), and
HMGB2, a member of the chromosomal high mobility group
of proteins (Bianchi and Agresti, 2005), indicating common
processes involved in cell cycle withdrawal. The heatmaps also
revealed that neuroblasts in each virus infected sample expressed
some genes associated with the RGC, photoreceptor, and HC/AC
cell lineages, suggesting that the newly postmitotic neuroblasts
were poised at an intermediate developmental state and in the
process of committing to specific cell fates.
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FIGURE 6 | Distinct cell categories based on single cell RNA-seq profiles and their developmental trajectory. (A) UMAP presentations based on cell category
assignments for single cell clusters from LV-GFP, LV-AEP, and LV-NEP infected retinal organoids. Each cell category is represented by a single color. The side legend
shows the color codes used to represent distinct cell categories. (B) Pseudotime trajectory analysis using Monocle of different cell categories from LV-GFP, LV-AEP,
and LV-NEP infected retinal organoid. (C) Bar graph shows the percentages of different cell categories among total cells in LV-GFP, LV-AEP, and LV-NEP infected
retinal organoid cells. PNP, pre-neurogenic progenitor; NP, neurogenic progenitor; EP, cell cycle-exiting progenitor; NB, neuroblast; RGC, retinal ganglion cell; PR,
photoreceptor; HC/AC, horizontal cell and amacrine cell.

To further decipher the changes of gene expression and the
key biological processes that occur during normal developmental
transitions, we constructed volcano plots (Figure 7B) and
performed gene ontology (GO) analyses (Figure 7C) using
significant DEGs from the LV-GFP infected cell categories.
The pre-neurogenic progenitor state was associated with higher
levels of transcripts for several glycolytic pathway enzymes
such as SLC2A1, GPI, ENO1, and PGK1, as well as low levels
of mitochondrial respiratory chain components and proteins
required for rapid cell proliferation such as PCNA and TOP2A
(Figure 7B). This was consistent with the dominant GO pathways
for the pre-neurogenic state (Figure 7C). In contrast, cells
in the neurogenic progenitor state expressed high levels of

SFRP2, FGF19, and SOX2 (Figure 7B), correlating with the
biological responses to growth stimulation and the mitotic cell
cycle (Figure 7C). The dominant GO terms associated with
the exiting progenitors included cell cycle arrest and Notch
signaling (Figure 7C). The exiting progenitor to neuroblast
transition was marked by elevated expression of the Notch
signaling inhibitor HES6 and the antiproliferation factors BTG1
(Liu et al., 2015), BTG2, and GADD45A (Barreto et al., 2007;
Figure 7B), consistent with the GO pathway analysis (Figure 7C).
The predominant GO pathways for the three neuronal types
reflected their phenotypic differentiation with high axonal
growth and light transduction processes associated with RGCs
and photoreceptors, respectively (Figure 7C).
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ATOH7 and Neurog2 Assert Differential
Effects on Cell Cycle and Neuronal
Differentiation
To examine the potential impact of neurogenic factor expression
on the cell cycle, we combined the LV-GFP, LV-AEP, and
LV-NEP sc-RNA-seq datasets and carried out cell clustering
analysis (Figure 8A). Based on feature plots of known genes

(Supplementary Figure 6), cell clusters in the combined UMAP
were identified as distinct cell categories. Furthermore, the
progenitor cell clusters were assigned to different phases of the
cell cycle (Figure 8A) based on known functions of cell cycle
genes, including CDK2 associated with G1/S phase (Horiuchi
et al., 2012), MCM4 as a DNA replication licensing factor
(Yabuta et al., 2003), CCNB2 encoding M phase cyclin B2
(Liu et al., 1999), and PLK1 involved in spindle assembly and

FIGURE 7 | Effects of elevating neurogenic factor expression on developmental transitions. (A) Heatmaps of the top 10 DEGs in each cell type category from cells of
LV-GFP, LV-AEP, and LV-NEP infected retinal organoids. The side legend indicates the color codes for cell category identities atop the heatmaps. (B) Volcano plots
show significant DEGs in LV-GFP infected retinal organoids during the three transitions: from the neural stem cell to the neurogenic progenitor state, from the cycling
progenitor to the exiting progenitor state, and from the exiting progenitor to the neuroblast states. Genes with p < 0.01 and fold change > Log2 0.75 are shown as
red dots. (C) Bar graphs show the predominant biological processes using GO pathway analysis for each cell category of LV-GFP infected retinal organoids. The
false discovery rates (FDR) and the gene numbers among the top 25 DEGs associated with a given GO term are shown. PNP, pre-neurogenic progenitor; NP,
neurogenic progenitor; EP, cell cycle-exiting progenitor; NB, neuroblast; RGC, retinal ganglion cell; PR, photoreceptor; HC/AC, horizontal cell and amacrine cell.
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FIGURE 8 | Influence of neurogenic factors on cell cycle progression and retinal ganglion cell differentiation. (A) UMAP of the combined sc RNA-seq dataset from
LV-GFP, LV-AEP, and LV-NEP infected retinal organoids. Each cell cluster is assigned to an identity as shown on the side color legend based of feature plots of
known genes. Line edges connecting individual clusters are generated by SLINGSHOT analysis to show the predicted developmental trajectory of the entire cell
cohort. PNP, pre-neurogenic progenitor; NP, neurogenic progenitor; EP, cell cycle-exiting progenitor; NB, neuroblast; RGC, retinal ganglion cell; PR, photoreceptor;
HC/AC, horizontal cell and amacrine cell. (B) UMAPs show cell clusters for individual samples from LV-GFP, LV-AEP, and LV-NEP infected retinal organoids with the
same cell identity assignments as in the combined UMAP. (C) Distribution of cells in different phases of the cell cycle as percentages of total proliferative progenitor
cells. The M phase cells include the exiting progenitors (cluster #6). (D) Heatmap shows differential expression levels of genes in the two RGC clusters 8 and 9.
(E) Volcano plot shows DEGs between the two RGC clusters 8 and 9. Genes with p< 0.01 and fold change > Log2 0.5 are shown as red dots.

cytokinesis (Lee et al., 2008; Supplementary Figure 6). Slingshot
analysis performed for the combined dataset illustrated the
developmental trajectory of cell clusters from the pre-neurogenic

state through the different phases of the cell cycle toward cell
cycle exit (Figure 8A). Although cell clusters 5 and 6 both
expressed M phase genes, they clearly had distinct transcript
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FIGURE 9 | Regulatory relationship among genes playing roles in early human retinogenesis. (A) Feature plots show distribution of ASCL1, ATOH7, and NEUROG2
expressing cells among cell clusters in LV-GFP, LV-AEP, and LV-NEP infected retinal organoids. (B,D) Violin plots show comparisons of LV-GFP (green) versus
LV-AEP (red) or LV-NEP (blue) induction on expression levels of endogenous genes in the retinal organoids. The box within the violin represents the middle 50% of
the data, and the yellow line within the box indicates the median expression level. Statistical analysis generated P-values were based on both the cell counts and
expression levels. ***p < 0.001, **p < 0.01, *p < 0.05. (C,E) Bar graphs show percentages of cells expressing endogenous genes among total viral infected cells in
LV-GFP, LV-AEP, and LV-NEP samples. (F) Schematic model based on STRING analysis summarizes a gene network involved in cell cycle exit and early
retinogenesis. Gray edges represent protein-protein associations. Positive and negative regulatory relationships are indicated as arrows and short bars, respectively.
Previously known molecular interactions from curated databases are shown as blue arrows and short bars. Effects of lentiviral induced ATOH7f and Neurog2 on
endogenous human gene expression in retinal organoids are indicated as green arrows and red bars. Looping arrows indicate positive auto-regulation. (G) Summary
of sequential expression of bHLH genes (red) and other key genes (blue) during early human retinal organoid development. PNP, pre-neurogenic progenitor; NP,
neurogenic progenitor; EP, cell cycle-exiting progenitor; NB, neuroblast; RGC, retinal ganglion cell; PR, photoreceptor; HC/AC, horizontal cell and amacrine cell.
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profiles since cluster 6 was poised to exit the cell cycle
(Figure 8A). As expected, individual UMAPs of ATOH7 and
Neurog2 virus infected samples displayed significantly reduced
pre-neurogenic progenitor populations (Figures 6C, 8B). In
addition, quantitative analyses showed that ATOH7 and Neurog2
virus infection altered cell cycle distributions among progenitors
compared to controls (Figure 8C). For example, LV-AEP
increased G1 distribution by 5% while decreasing S phase cells
by 3.7%, whereas LV-NEP caused a 7% S phase cell reduction
and a 4.5% increase of M phase cells, which included the exiting
progenitors (Figure 8C).

The Slingshot analysis demonstrated that the postmitotic
neuroblast pool, cluster 7, served as the root source giving
rise to three neuronal cell lineages (Figure 8A). Interestingly,
UMAPs of individual virus infected retinal organoids revealed
differential effects of ATOH7 and Neurog2 expression on
neuronal fate specification. ATOH7 elevation resulted in clear
enhancement of the RGC cluster 8, without affecting the
photoreceptor cluster 10 (Figure 8B, also see Figure 6C).
In contrast, Neurog2 overexpression not only significantly
enhanced the production of photoreceptor cluster 10 and
RGC cluster 8, but also generated a distinct RGC cluster 9,
which was largely absent in LV-GFP and LV-AEP infected
retinal organoids (Figure 8B, also see Figure 6C). Comparison
analyses revealed that the two RGC clusters consisted of cells
with differential gene expression levels. For example, GAP43
and NSG1 were expressed by cells in both clusters, however,
they were frequently detected at higher levels in cluster 8
(Figures 8D,E). Although both clusters expressed ISL1 and
POU4F2 (Supplementary Figure 6), we often observed lower
levels of POU4F2 and SNCG in many cells of cluster 9
(Figure 8D). These results suggest that ATOH7 and Neurog2
might differentially influence neuroblast fate specification and/or
neuronal differentiation.

Neurogenic Factors Modulate Early
Retinal Gene Network
Next, we examined the effects of viral mediated ATOH7f and
Neurog2 elevation on endogenous bHLH gene expression. Since
the lentiviral vectors did not contain poly-A sequences associated
with ATOH7 and Neurog2 cDNAs, and the single cell cDNA
libraries were constructed using oligo dT priming, we were
able to analyze expression of the endogenous genes using the
sc RNA-seq datasets, while excluding transgenes encoded by
the viruses. We first examined expression of ASCL1, an early
onset bHLH neurogenic factor. Consistent with previous studies
(Lu et al., 2020; Sridhar et al., 2020), feature plots showed
that ASCL1 was predominantly expressed in pre-neurogenic and
neurogenic progenitors (Figure 9A). Viral mediated ATOH7
and Neurog2 expression resulted in significant reduction of
ASCL1+ cell from 29.7 to 17.1% and 13.2%, respectively
(Figure 9C); but neither affected the median levels of ASCL1
expression (Figure 9B). In retinal organoids, ATOH7f and
NEUROG2 transcripts were detected in exiting progenitors,
neuroblasts, and some postmitotic neurons (Figure 9A). Both
virally expressed ATOH7f and Neurog2 increased the number of

endogenous ATOH7-expressing cells from 9.1 to 22.0% among
total cells (Figure 9C), and LV-NEP infection also increased
the median ATOH7 expression level (Figure 9B). Interestingly,
LV-NEP but not LV-AEP infection caused a twofold increase
of endogenous NEUROG2-expressing cells as well as elevated
the median expression level (Figures 9B,C), suggesting that
Neurog2 positively regulates endogenous NEUROG2 expression.
In addition, elevated levels of ATOH7f and Neurog2 both
correlated with the increased percentages of cells expressing
OLIG2, another bHLH gene in retinal organoids (Hafler et al.,
2012; Figure 9C).

In addition to ASCL1, ATOH7, NEUROG2, and OLIG2, sc
RNA-seq analysis identified additional Notch signaling pathway
genes and bHLH genes affected by ATOH7f and Neurog2
expression (Supplementary Table 1–3 and Supplementary
Figure 7). Violin plots and quantification showed that the
Notch ligands DLL1 and DLL4 were upregulated, especially by
Neurog2 (Figures 9D,E). In addition, the percentage of cells
expressing the Notch signaling effector HES1 was significantly
reduced compared to the control LV-GFP infected cells
(Figure 9E), while changes in median expression levels were
mild (Figure 9D). In contrast, not only the percentages of
HES6 and HEY1 expressing cells were increased (Figure 9E),
the median HES6 expression levels were significantly elevated
by bot LV-AEP and LV-NEP (Figure 9D). Since HES1
was predominantly expressed by progenitors, whereas HES6
and HEY1 were upregulated in exiting progenitors and
neuroblasts (Supplementary Figure 7), these changes reflected
the trend of enhanced neurogenesis. Data from sc RNA-seq
also showed that viral expression of ATOH7f or Neurog2
caused substantial increases of several bHLH genes involved
in neuronal fate specification or differentiation, including
NEUROD1, NEUROD4, NHLH1 and NHLH2 (Figures 9D,E and
Supplementary Figure 7). In all cases, elevated Neurog2 strongly
impacted both the number of cells expressing these genes as well
as their expression levels.

Together, these results suggested that viral mediated ATOH7f
and Neurog2 expression in the developing retinal organoids
affected an interactive gene network that plays important roles in
cell cycle exit and cell fate specification. We therefore performed
STRING network analysis by including bHLH genes and a few
selected genes known to be involved in RGC development. The
resulting network model included novel regulatory relationships
revealed in this study as well as previously reported molecular
interactions (Figure 9F). We also summarize the observed
temporal progression of gene expression as retinal organoid cells
advanced through the developmental states as defined by our sc
RNA-seq analysis (Figure 9G).

DISCUSSION

In this study we have used ESC-derived organoid cultures
as a model system to investigate human embryonic retinal
development. The 3D retinal organoids retain the unique
molecular signature and correct tissue polarity of the retinal
epithelium in vivo, and generate the expected early retinal cell
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lineages and functional neurons. By transducing human retinal
organoids with inducible viral vectors, we were able to determine
whether elevating ATOH7 or Neurog2 affected retinal progenitors
and neuronal production, and examine the biological processes
and the gene network involving these neurogenic factors.

We have identified three classes of retinal progenitors
by performing single cell transcriptome analysis. The pre-
neurogenic progenitors express PAX6, VSX2, LHX2, and SOX2,
and thus clearly possess the identity of the retinal primordium.
Their main GO pathways show cellular metabolic characteristics
common to stem cells (Gu et al., 2016), with prominently featured
DEGs of the glycolytic pathway, including SLC2A1, GPI, PGK1,
and PLOD2, and low mitochondrial respiratory chain genes. This
state likely represents a naïve pre-neurogenic state found in the
retinal primordium before the onset of neurogenesis and later
at the ciliary margin of the mature retina. These pre-neurogenic
progenitors express cyclin D1, but have relatively low levels of
PCNA and TOP2A, suggesting that they might be slow cycling
cells. The pre-neurogenic progenitor category was significantly
reduced in LV-AEP and LV-NEP transduced retinal organoids,
indicating that expression of these neurogenic factors promotes
the transition from the pre-neurogenic to the neurogenic state.
This finding is consistent with our previous observation in
the embryonic chicken retina, where ectopic human ATOH7
expression in the pre-neurogenic peripheral retina induces
precocious neurogenesis ahead of the neurogenic wave front
(Zhang et al., 2018). These results indicate that the onset of
neurogenic factor expression among naïve retinal progenitors
can trigger or accelerate the transition into a neurogenic state in
the context of the retinal primordium. Noticeably, the transition
from the pre-neurogenic state to the neurogenic state is also
accompanied by upregulation of the chromosomal high mobility
group genes, such as HMGB2 and HMGN2, reflecting the
underlying epigenetic changes accompanying this transition.

Our sc RNA-seq analysis also identified a novel and distinct
progenitor state among the proliferating neurogenic progenitors,
the cell cycle exiting progenitors. This group of cells still express
the characteristic M phase genes such as CDC20 that interacts
with the mitosis complex, and MZT1 and PLK1 that organize
the mitotic spindles. However, the exiting progenitors show
significant upregulation of the Notch ligands DLL1 and DLL4,
as well as the bHLH genes ATOH7 and NEUROD1. Both viral
mediated ATOH7 and Neurog2 elevation caused expansion
of the exiting progenitor state. The developmental trajectory
analysis points to a progression from the exiting progenitors
to the postmitotic neuroblasts, which as a group exhibits
transcriptome profile partially overlapping with all three early
neuronal lineages, including VSX1, NHLH1, ATOH7, ONECUT2,
NEUROD1, and the growth arrest gene GADD45A. However,
transcription profiles of individual cells among neuroblasts are
heterozygous, likely reflecting the dynamic gene expression
of neuroblasts that serve as an important transitional cell
pool poised for terminal cell fate choices and differentiation.
Interestingly, we have observed that relative to ATOH7, elevating
Neurog2 asserted more potent effects in promoting cell cycle
withdrawal, neuroblast expansion, and neuronal differentiation
in retinal organoids.

Among the early bHLH factors detected by sc RNA-seq in
retinal organoids, a higher percentage of cells expressed ATOH7
(9%) than NEUROG2 (3.2%) endogenously. Although elevating
either ATOH7 or Neurog2 caused enhanced neurogenesis, we also
detected differential effects of these two factors. For example,
at day 39, ATOH7 promoted POU4F+ cells, whereas Neurog2
increased ISL1+ cells; but both factors enhanced ISL1+ cells
by day 47. Furthermore, the RGC cluster enhanced by ATOH7
elevation shared transcriptomic signatures with RGCs from
the control organoids between days 45 and 48. In contrast,
Neurog2 induction promoted two groups of RGCs that both
expressed ISL1 and POU4F2, but exhibited different levels of
known RGC markers including SNCG, POU4F2, and GAP43.
Recent transcriptome analysis of mature human RGCs has indeed
detected differential expression levels of RGC genes such as
POU4F2 among RGC subtypes (Yan et al., 2020). Therefore,
the promotion of the two RGC subtypes may reflect the
more potent neurogenic effect of Neurog2, which might have
accelerated the RGC differentiation program to acquire RGC
subtype features. In addition, the effect of elevated Neurog2
to induce ISL1+ neurons preferentially earlier on may also
influence outcomes of neuronal differentiation. However, we
cannot rule out that virally expressed exogenous Neurog2 has
promoted a hybrid neuronal cell type, which does not naturally
occur during human retinogenesis. Future research using long
term cultures may provide data to address these possibilities. In
addition to the RGC phenotypes, ATOH7 increased the HA/AC
lineage, consistent with the developmental trajectory. The lack
of ATOH7 enhancement on cone photoreceptor production
is somewhat unexpected, as ATOH7 is associated with cone
cell lineage in the mouse retina (Brzezinski et al., 2012), and
we have previously detected a mild enhancement of cone cell
genesis by ATOH7 on in the chicken retina (Zhang et al.,
2018). In contrast, Neurog2 significantly enhanced photoreceptor
production without affecting the HC/AC lineage, which likely
reflects the effect of Neurog2-induced NEUROD1 upregulation.

Expression of cell intrinsic factors can be profoundly
influenced by extrinsic signaling events during neural
development (Gouti et al., 2015). Notch mediated cell-to-
cell signaling plays important roles during retinogenesis, and
disruption of Notch signaling can influence RGC and cone
photoreceptor development (Akagi et al., 2004; Jadhav et al.,
2006a,b; Yaron et al., 2006; Riesenberg et al., 2009b). In addition,
differentiated RGCs have been shown to produce secreted
signals that modulate progenitor behaviors. Among the signaling
molecules released by differentiated RGCs are Shh, GDF11, and
VEGF, all of which promote retinal progenitor proliferation
while simultaneously suppressing RGC production (Zhang and
Yang, 2001; Kim et al., 2005; Wang et al., 2005; Sakagami et al.,
2009). Accumulating evidence indicate that the Notch signaling
downstream effector Hes1 may serve as an important integration
node for distinct signaling pathways that converge upon
retinal progenitors to influence cell proliferation and control
neurogenesis. Hes1 is known to directly control cell proliferation
by repressing the CDK inhibitor p27 (Kip1) (Bae et al., 2000).
The negative feedback of extrinsic signals on RGC genesis is
in part mediated by Hes1 suppression of ATOH7 (Hashimoto
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et al., 2006; Maurer et al., 2014; Miesfeld et al., 2018b). At the
present time, the temporal expression sequence and the complex
regulatory relationships among the various bHLH factors in the
retina are not fully understood, but their elucidation is likely
crucial for a better understanding of cell fate selection and the
progressive changes in progenitor competent states.

As revealed by our sc RNA-seq data, HES1 is predominantly
expressed by both pre-neurogenic and neurogenic progenitors,
and is down regulated among exiting progenitors. Consistent
with observations in embryonic human retinas and retinal
organoids (Lu et al., 2020; Sridhar et al., 2020), our data indicate
that ASCL1 level is low in pre-neurogenic progenitors, but
is upregulated and expressed by neurogenic progenitors, and
then down-regulated in exiting progenitors. This observation
is consistent with other studies using sc RNA-seq to analyze
embryonic human retina and early stage human retinal organoids
(Sridhar et al., 2020). In the developing mouse retina, Ascl1
can block cell cycle exit but not specify RGC fate (Hufnagel
et al., 2013), while in the mature retina ASCL1 promotes
cell cycle re-entry and regeneration of new neurons from
Muller glia (Pollak et al., 2013; Ramachandran et al., 2015;
Jorstad et al., 2017). Furthermore, forced expression of ASCL1
in pluripotent stem cells can promote neurogenesis (Wang
et al., 2020). These data together support that ASCL1 plays
a role in establishing competence for the neurogenic state.
Intriguingly, our results show that viral mediated ATOH7 and
Neurog2 expression decrease both HES1 and ASCL1 expression.
Concomitantly, ATOH7 and Neurog2 significantly upregulate
the expression of the HES1 inhibitor HES6 (Bae et al., 2000)
among exiting progenitors. These data suggest that ATOH7
and NEUROG2 comprise a selective group of neurogenic
factors that can dampen the effect of HES1 and ASCL1 on
maintaining cell proliferation and relieve the inhibitory effect of
HES1 on neurogenesis. Moreover, viral mediated ATOH7 and
Neurog2 expression significantly increase transcripts of other
bHLH factors including NEUROD1, which initiates its expression
among exiting progenitors, as well as NEUROD4, NHLH1, and
NHLH4, which are expressed by postmitotic neurons. Future
investigations are necessary to determine whether the regulatory
effects asserted by ATOH7 and Neurog2 are direct or indirect.

Results from this study support the hypothesis that high
levels of AOTH7 or NEUROG2 trigger a withdrawal from the
cell cycle which leads to the birth of a neuroblast. Critical
questions remain regarding how the level of ATOH7 is regulated
in neurogenic progenitors to result in higher levels among
cell cycle exiting progenitors. It is known that the ATOH7
gene contains enhancers that mediate direct positive regulation
by Pax6 (Riesenberg et al., 2009a). In Hes1 mutants, Atoh7
is precociously expressed along with the formation of RGC
and HC/AC (Lee et al., 2005), indicating that Hes1 negatively
regulates Atoh7 expression. Our sc RNA-seq analysis show
that viral mediated ATOH7 expression elevates endogenous
ATOH7 without affecting endogenous NEUROG2 expression,
whereas Neurog2 elevation leads to increases in both endogenous
ATOH7 and NEUROG2 expression. These results reveal the novel
finding that ATOH7 and NEUROG2 are both under positive
autoregulation, as well as confirm cross-regulation of ATOH7

by NEUROG2 (Matter-Sadzinski et al., 2001; Hufnagel et al.,
2010). Since only a fraction of ATOH7 protein expressing
cells appear to co-express Neurog2 protein during a given
window of time (Miesfeld et al., 2018a), progenitors that have
coincidental expression of both factors are more likely to reach
higher level of Atoh7. It is known that ATOH7 dosage and
expression levels can affect RGC production (Prasov et al.,
2012; Chiodini et al., 2013; Zhang et al., 2018). We therefore
propose that integrated cell extrinsic signals and interacting cell-
intrinsic factors could converge, resulting in stochastic expression
of ATOH7, and thus enabling a limited subset of progenitors
that have reached a threshold level of ATOH7 to exit the cell
cycle and initiate downstream RGC and/or cone photoreceptor
differentiation programs. Further investigations will be necessary
to determine the ATOH7 protein threshold, the time, and
cellular events involved. The sc RNA-seq analysis enables us
to survey multiple genes and to construct a gene regulatory
network model (Figure 9F) that integrates our new findings
and previously known regulations. This model focuses on bHLH
factors expressed during RGC development, but does not exclude
other genes involved in the developmental process. In fact,
RGC and other neuronal fate determinations are known to be
regulated by multiple transcription factors (Rehemtulla et al.,
1996; Koike et al., 2007; Oh et al., 2007; Jiang et al., 2013;
Wu et al., 2013; Chang et al., 2017; Yamamoto et al., 2020).
Interestingly, a recent report has shown that in the absence of
Atoh7, mouse retinal progenitors can exit the cell cycle toward
an RGC fate, but cannot fully differentiate into mature RGCs
(Wu et al., 2021).

Recent single-cell analyses have shown evolutionarily
conserved gene expression patterns during retinogenesis, but
also revealed species-specific patterns between human and
mouse retinas (Liang et al., 2019; Peng et al., 2019; Lu et al.,
2020), including a role for ATOH7 in late stage photoreceptor
specification. Our study shows that elevating ATOH7 and
Neurog2 expression in human retinal organoids significantly
enhances early retinogenesis, which can serve as a useful
approach to produce authentic human RGCs for studying
development and degenerative diseases. Furthermore, our single
cell transcriptome analysis provides novel insights into the
interactive network of bHLH factors and their functions during
human retinogenesis.

MATERIALS AND METHODS

Lentiviral Construction and Production
The inducible lentiviral vector plasmids LV-GFP and LV-NEP
(YS-TetO-FUW-Ng2-P2A-EGFP-T2A-Puro) were generous gifts
from Dr. Thomas Sudhof (Zhang et al., 2013). The human
ATOH7 cDNA was obtained as described previously (Zhang
et al., 2018). The LV-ATOH7f vector was constructed by
replacing the EGFP gene in the LV-GFP vector with ATOH7
cDNA fused to the Flag epitope tag at the c-terminus. The
LV-AEP vector was constructed by custom synthesizing the
continuous open reading frame of ATOH7f-P2A-EGFP-T2A-
Puro by GenScript, and replacing the EGFP gene in the
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LV-GFP vector. All lentiviral vector plasmids were verified
by DNA sequencing. The LV-rtTA lentiviral vector (FUW-
M2rtTA) with the Ubi promoter was obtained from AddGene
(Plasmid #20342).

Lentiviral stocks were produced by co-transfection of HEK
293T cells with a given viral vector DNA and the third-generation
lentiviral helper plasmids with VSVG pseudotyping as described
(Dull et al., 1998; Zufferey et al., 1998; Hashimoto et al., 2007).
The 293T cell medium DMEM containing 10% fetal bovine
serum (Sigma-Aldrich, 12103C) was changed to serum free
CD293 (Thermo Fisher, 11913) 1 day post transfection, and viral
supernatants were harvested every 24 h. Combined viral stocks
were concentrated by ultracentrifugation as previously described
(Hashimoto et al., 2007).

Human Retinal Organoid Derivation
Human H9 ES cells were cultured and passaged on Matrigel
(Corning, 356231) coated dishes in mTeSR1 medium (Stemcell
Technologies, 05850). Retinal organoids were generated based
on a previously described protocol (Ohlemacher et al., 2016)
with modifications. At the start of the culture (day 0), H9 ES
cells (at 80–90% confluency) were enzymatic detached using
dispase (1 mg/ml, Stemcell Technologies, 07923). Detached
cells were transferred into medium at 3:1 ratio of mTeSR1 to
Neural Induction Medium (NIM) that consists of DMEM/F12
with 1x N2 supplement (Thermo Fisher, 17502048), 1x non-
essential amino acid (NEAA; Thermo Fisher, 11140050), 2 µg/ml
Heparin (Thermo Fisher, H7482), and 1x Antibiotic-Antimycotic
(Anti-Anti; Thermo Fisher, 15240112) in low-attachment plates
(Corning, 3471) to allow the formation of embryonic bodies
(EBs). During the next 3 days, the medium was replaced daily
with the ratio of NIM to mTeSR1 increased to 100%. At day
6, human BMP4 (R&D Systems, 314-BP-010) was added to the
NIM medium to a final concentration of 55 ng/ml (Kuwahara
et al., 2015). At day 7, EBs were collected and seeded in NIM as
adherent cultures in 6-well dishes (Corning, 3516) till day 16. At
day 16, the visible neural rosettes formed from attached EBs were
manually lifted, collected, and further cultured as suspensions
in Retinal Differentiation Medium (RDM) consisting of DMEM
to F12 at 3:1, 1x B27 supplement (Thermo Fisher,1754044),
1x NEAA, and 1x Anti-Anti. During the 7 days after lifting
neural rosettes, 5 µM SU-5402 (Sigma-Millipore, SML0443)
and 3 µM GSK inhibitor CHIR99021 (Stemgent, 04-0004)
were added to RDM. At day 20, the translucent optic vesicle-
like structures were manually separated from the rest of the
suspension culture, collected, and cultured as retinal organoids
in RDM. From day 24, 10% FBS (Sigma-Aldrich, 12103C),
100 µM Taurine (Sigma-Aldrich, 0625), and 500 µM retinoic
acid (Sigma-Aldrich, R2625) were added, and the medium was
changed twice a week.

Lentiviral Infection and Transgene
Induction
Retinal organoids were infected by different lentiviruses in
conjunction with LV-rtTA three times between days 23 and 40.
TetO promoter induction was carried out by adding doxycycline

(Dox) to a final concentration of 2 µg/ml (Sigma-Aldrich, D3072)
according to experimental designs as indicated in the results.

Attached and Dissociated Retinal
Organoid Cultures
Retinal organoids between days 30 and 35 were cut into small
pieces (0.1–0.5 mm) and plated on Matrigel coated culture dishes,
or dissociated with Trypsin (Sigma-Aldrich, T9935) to single cells
and plated on poly-D-lysine and laminin coated glass coverslips
(Corning, 354087). After attachment, retinal organoid cells were
cultured in RDM or BrainPhys neuronal medium (Stemcell
Technologies, 05790) with SM1 (Stemcell Technologies, 05711)
and N2 supplements (Thermo Fisher, 17502048), 20 ng/ml BDNF
(PeproTech, 450-02), 20 ng/ml GDNF (Stemcell Technologies,
78058), 1 mM dibutyryl cyclic-AMP (Stemcell Technologies,
73882), and 200 nM ascorbic acid (Stemcell Technologies,72132)
till desired time, followed by immunofluorescent labeling or
electrophysiological recordings.

Electrophysiological Recording
Electrophysiological recordings were performed using
dissociated retinal organoid cells cultured as a monolayer
on glass coverslips between days 40 and 45 using previously
described methodologies (Hirooka et al., 2002; Hartwick et al.,
2004; Lalonde et al., 2006; Sargoy et al., 2014). Whole cell patch
clamp was performed at room temperature using an Axopatch
200B amplifier controlled by pClamp 11 data acquisition
software (Molecular Devices). The pipette solution contained
20 mM KCl, 120 mM K-gluconate 0.1 mM CaCl2, 1 mM EGTA,
10 mM HEPES, 3 mM Mg-ATP, 0.2 mM Li-GTP, and 8 mM
phosphocreatine, at pH7.2. The bathing solution (for recording
K+ currents, Na+ currents and for current clamp) contained
125 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1.25 mM NaH2PO4,
1 mM MgCl2, 25 mM NaHCO3 and 10 mM glucose bubbled
continuously with 95% O2—5% CO2. A high barium external
solution for Ca2+ channel current recordings containing
110 mM choline chloride, 5 mM KCl, 1 mM MgCl2 7 mM
BaCl2, 15 mM TEACl, 0.1 mM 4-aminopyridine, 20 mM glucose,
10 mM HEPES and 1 µM tetrodotoxin, adjusted to pH 7.4,
was used with a CsCl intracellular solution containing 140 mM
CsCl, 1 mM CaCl2, 11 mM EGTA, 2 mM MgCl2, and 10 mM
HEPES, at pH7.2.

Immunohistochemistry and Imaging
For live imaging of whole mounts retinal organoids, EGFP
signals were first captured using a Leica MZ10F fluorescent
dissecting microscope, followed by image acquisition using
an Olympus Flowview FV1000-IX81 (inverted) scanning laser
confocal microscope. For whole mount immunolabeling, retinal
organoids were fixed with 4% paraformaldehyde (PFA) in PBS for
30 min, followed by primary and secondary antibody incubations
overnight at 4◦C, with extensive washes in between (Zhang et al.,
2018). Cryosections (14 µm) or attached cultures were processed
for immunolabeling as previously described (Zhang et al., 2018).

The following primary antibodies were used: mouse anti-GFP
(1:200; Millipore, MAB#3580); goat anti-GFP (1:200; Rockland
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Inc., 600-101-215); rabbit anti-GFP (1:200; Rockland Inc., 400-
401-215); mouse anti-FLAG (Clone M2) (1:500; Sigma-Aldrich,
F3165); rabbit anti-ATOH7 (1:100; NovusBio, NBP1-88639); goat
anti-Ngn2 (1:200; Santa Cruz Biotechnology, sc-19233); mouse
anti-BrdU (1:1; GE Healthcare, RPN202); mouse anti-PCNA
(1:500; Sigma-Aldrich, P3825); rabbit anti-phospho-histone 3
(ser10) (1:3,000; Upstate Biotechnology, 06-570); rabbit anti-
Pax6 (1:200; Chemicon, ab5409); goat anti-CHX10/VSX2 (N-18)
(1:50; Santa Cruz Biotechnology, sc-21690); goat anti-BRN3a
(1:100; Santa Cruz Biotechnology, sc-31984); goat anti-pan BRN3
(1:50; Santa Cruz Biotechnology, sc-6026); mouse anti-Iselt1
(1:10; Developmental Study Hybridoma Bank, 39.4D5); mouse
anti-doublecortin (E-6) (1:50; Santa Cruz Biotechnology, sc-
271390); rabbit anti-NeuN (1:200; Abcam, ab177487); rabbit anti-
NF145 (1:750; Millipore, AB1987); rabbit anti-RBPMS (1:200; Ye
et al., 2018). Secondary antibodies used were: Alexa Fluor 488
donkey anti-mouse (1:500; Thermo Fisher, A32766); Alexa Fluor
488 donkey anti-rabbit (1:500; Thermo Fisher, A32790); Alexa
Fluor 488 donkey anti-goat (1:500; Thermo Fisher, A32814);
Alexa Fluor 594 donkey anti-mouse (1:500; Thermo Fisher,
A32744); Alexa Fluor 594 donkey anti-rabbit (1:500; Thermo
Fisher, A32754); Alexa Fluor 594 donkey anti-goat (1:500;
Thermo Fisher, A32758); Alexa Fluor 647 donkey anti-mouse
(1:500; Thermo Fisher, A32787); Alexa Fluor 647 donkey anti-
rabbit (1:500; Thermo Fisher, A32795); Alexa Fluor 647 donkey
anti-goat (1:500; Thermo Fisher, A32849).

Slides were mounted with Fluoro-Gel (Electron Microscopy
Sciences, 17985-10) after staining with DAPI (Sigma-Aldrich,
D9542). Confocal images were acquired using an Olympus
Flowview FV1000-BX61 (upright) scanning laser microscope
with Plan-APO objectives. Images were arranged using
Adobe Photoshop.

Cell Marker Quantification and Statistics
Lentivirus infected retinal organoids at day 39 were pooled
(10–15 organoids in each sample n), dissociated into single
cell suspensions using trypsin (Sigma-Aldrich, T-9935), and
immunolabeled as previously described (Sakagami et al., 2009).
Flow cytometry was performed using LSRII Analytic Flow
Cytometer for cell marker analyses. Quantification of FACS
data was performed using FlowJo software (Tree Star, Inc.). In
addition, pooled retinal organoids at day 47 were dissociated
with trypsin and plated as a monolayer for 3 h followed
by immunolabeling for the various cell markers listed above.
Monolayer cell quantification was performed by counting
marker-positive cells in multiple fields of independent samples
(n = 3) using captured confocal images. Bar graphs were
constructed using Prism (Graphic Pad). Ordinary one-way
ANOVA with Tukey’s multiple comparison test was used for
statistical analysis of cell marker quantifications, with p < 0.05
considered significant.

Single Cell cDNA Library Preparation and
Sequencing
Distinct pools of H9 ES cell-derived retinal organoids (12–20
retinal organoids/pool) co-infected by LV-rtTA and LV-EGFP,

LV-AEP, or LV-NEP were induced by Dox and dissociated
between days 45 and 48 using trypsin and manual trituration.
Dissociated cell suspensions were subjected to fluorescence
activated cell sorting using FACSAriaII (BD Biosciences). Non-
infected retinal organoid cells were used to set thresholds for
selecting EGFP-positive cells. Sorted EGFP-positive cells were
collected in HBSS without Ca2+ and Mg2+ (Thermo Fisher,
14170-112) containing 1% FBS and 0.4% BSA. The cells were
washed with PBS containing 0.04% BSA, then counted with
Countess II Cell Counter (Thermo Fisher).

Automated single-cell capture, barcoding, and cDNA library
preparation were carried out using 10X Genomics Chromium
Controller with Chromium Single Cell 3’ Library & Gel Bead Kit
v2 reagents, with 12 cycles of cDNA amplification and 12 cycles of
library amplification, following the manufacturer’s instructions.
Qubit dsDNA Assay kit (Life Technologies) and TapeStation 4200
(Agilent) were used to assess the quality and concentration of the
libraries. Illumina NovaSeq6000 S2 paired-end 2 × 50 bp mode
was used to sequence the libraries.

Single Cell RNA-Sequencing Data
Processing and Quality Control
10X Genomics Cell Ranger version 2.1.1 was used to demultiplex
the raw base calls into FASTQ files (cellranger mkfastq). Spliced
Transcripts Alignment to a Reference (STAR) version 2.5.1b
(cellranger count) was used to perform sequence alignments
to the reference human genome (GRCh38), barcode counts,
and UMI counts to yield summary reports and t-Stochastic
Neighboring Embedding (t-SNE) dimensionality reduction. For
downstream analyses, cells with a number of unique molecular
identifiers (UMI) > 2,500 per cell and < 0.1% mitochondrial gene
expression were used. For LV-GFP, LV-AEP, LV-NEP samples, the
mean reads per cell ranged from 139,000 to 195,000, with mean
gene per cell ranging from 2935 to 3079. The resulting total single
cell counts used for analysis were 3004 for LV-EGFP, 2063 for
LV-AEP, and 3909 for LV-NEP infected samples.

Single Cell RNA-Sequencing Data
Analysis and Visualization
The analysis of sc RNA-seq data was performed using Seurat
R package1 (Butler et al., 2018; Stuart et al., 2019). Clustering
of cells was performed by using Seurat FindCluster function
(top 20 principal components, resolution 0.8) that implements
the shared nearest neighbor modularity optimization algorithm.
Non-linear dimensionality reduction using UMAP (Uniform
Manifold Approximation and Projection) was applied for the
visualization of cells in two-dimensional space. Feature plots of
known genes were used to designate clusters observed in the
UMAP space into six major cell categories/states. Cell counts of
each category were obtained using custom R code.

Pseudotime developmental progression of cell states was
obtained by using the Monocle R package (version 2) to process
the datasets with cell labels corresponding to the six cell categories
and visualized as UMAPs. Pseudotime cell cycle progression

1https://satijalab.org/seurat/v2.2
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and cell fate adoption analysis was performed using Slingshot R
(version 1.6.1) by combining the LV-GFP, LV-AEP, and LV-NEP
sc RNA-seq datasets and assigning the start point as neural stem
cells and end points as differentiated neuronal cell types.

Differentially expressed genes (DEGs) were identified using
edgeR with significantly enriched genes in each cell category
defined as those with adjusted p < 0.05 for LV-GFP, LV-AEP,
and LV-NEP data sets (Supplementary Tables 1–3). The top 10
enriched DEGs in each cell category were defined as those with
adjusted p< 0.05, and log fold change > 1.5 (Supplementary
Tables 4–6). Heatmaps of the top 10 DEGs were generated
using the Seurat package. Volcano plots were generated using
EnhancedVolcano R package to show p-values and fold changes
of DEGs between two datasets. Gene Ontology (GO) Enrichment
analysis was performed using ShinyGO v0.612 (Ge et al., 2020)
and the Homo Sapiens background using p-value (FDR) cutoff
at 0.05. The top 25 DEGs from each cell category within the
LV-GFP dataset were used as inputs, and the redundancy of the
output biological processes was manually reduced to the most
predominant GO terms.

Feature plots of individual gene expression patterns in
different cell clusters were presented as UMAPs. Violin plots for
individual genes in all cell clusters were constructed to show
expression levels and cell distributions. Kruskal-Wallis one-way
ANOVA rank sum test and Tukey-Kramer-Nemenyi all-pairs
test were used for statistical analysis, taken into consideration of
both gene expression levels and cell numbers between different
samples, with p < 0.05 considered significant. The statistical
tests were performed on R Studio using “PMCMRPlus” (Kessler
et al., 2020) and “FSA” (Derek H. Ogle et al., 2021) packages.
Data were plotted using R Studio “ggplot2” (Hadley, 2016)
and “ggsignif” (Ahlmann-Eltze, 2019) packages. Cells with gene
expression level < 0.2 were exclude from the violin plots and
statistical analyses.

STRING analysis exploring protein-protein association
network was performed using human protein database3

(version 11.0) by inputting relevant genes involved in retinal
development. The schematic network model shows known
molecular interactions reported previously and new regulatory
relationships described in this study.
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Supplementary Figure 1 | Characterization of human ES cell-derived 3D retinal
organoids. (a) Bright field image shows morphology of a group of H9 ES
cell-derived 3D retinal organoid at Day 33. Scale bar, 1 mm. (b) RT-PCR assay
detects expression of eye field and neural retina genes at Day 16 and Day 29 in
H9 ES cell-derived cultures. (c) Whole mount images show a 3D retinal organoid
coimmunolabeled for PAX6 and VSX2 at Day 24. The top panels show low
magnification images of the entire retinal organoid (scale bar, 100 µm), and the
bottom panels show confocal images with nuclear labeling of PAX6 and VSX2 in
retinal progenitor cells (scale bar, 20 µm).

Supplementary Figure 2 | Effect of Dox induction time course on retinal
organoid development. Whole mount images show effects of different Dox
induction durations on retinal organoid development. After 24-hour of Dox
induction, both LV-AEP and LV-NEP infected cells showed a tendency toward
localizing to the inner layer, compared to the control LV-GFP virus infected retinal
organoids. This trend became more pronounced after 48-hour Dox induction. By
72-hour after the onset of Dox treatments, the majority of GFP+ cells were
concentrated in the inner layer of the retinal organoids. In contrast, most LV-GFP
infected cells remained a ventricular zone distribution pattern after 48- and
72-hour induction. Scale bars, 200 µm for the lower magnification; 100 µm for
the insets.

Supplementary Figure 3 | Electrophysiological properties and functionality of
Human H9 ES cell-derived retinal neurons. (a) Bright field view of the dissociated
cell culture derived from retinal organoids at Day 40. Scale bar, 20 µm. (b, c) A
neuron being patch recorded is shown in bright field (b) and after filling with lucifer
yellow dye (c). (d-i) Whole cell patch clamp recording of dissociated neurons (Day
37-40) derived from H9 ES retinal organoids cultured as a monolayer. d Whole cell
voltage clamp of a cell with multipolar neurites stepped from −60 mV to +30 mV
in 10 mV steps of 40 ms duration. (e) Example of well-clamped INa isolated by
digital substraction following block with 100 nM TTX. Steps from −90 to +20 mV
are shown. (f) Outward K+ currents isolated by digital substraction following 10
mM TEA application. Steps from −70 to +30 mV are shown. (g) Train of action
potentials elicited with depolarizing current in current clamped cells having
large INa. (h) Phasic action potential generation in cells having smaller INa. (i)
Summary of block of peak INa and IK at +40 mV by TTX and TEA,
respectively. TTX blocked 92% of the transient inward current (n=7)
and TEA blocked 62% of the sustained outward current at
+40 mV (n=6).
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Supplementary Figure 4 | Fluorescent activated cell sorting of lentivirus infected
retinal organoids for single cell RNA-sequencing. (a) FACS profiles of dissociated
retinal organoids infected with LV-GFP, LV-AEP, and LV-NEP between Day 45-48
after 8 day ox treatment. Cells from non-infected retinal organoids were used as
negative controls to set the thresholds for GFP+ cells. FACS enriched GFP+ cells
were used for single cell RNA-seq analyses. (b) Violin plots show the numbers of
genes detected in single cell RNA-seq analyses using 10X Genomics Chromium
and NovaSeq work flow. The cutoff used in this study was 2500 UMI per cell,
resulting in mean gene per cell ranging from 2935-3079. For downstream analysis
3004 cells for LVGFP, 2063 cells for LV-AEP, and 3909 cells for LV-NEP were used.
(c) Violin plots show percentage of mitochondrial encoded genes detected in
single cell RNA-seq analyses using 10X Genomics Chromium and NovaSeq work
flow. The low rates (<0.03%) of transcripts from the mitochondrial genome
indicate that the transcripts analyzed in this study are from the nuclear genome.

Supplementary Figure 5 | Expression of known genes used to assign cell
categories of cell clusters. Feature plots of known genes in LV-GFP, LV-AEP, or
LV-NEP infected retinal organoids shown as UMAPs. Genes representing different
cell category or states are used to assign cell cluster identities in Figure 5.

Supplementary Figure 6 | Expression of featured known genes in combined
sample clusters. Feature plots of known genes in the combined LV-GFP, LV-AEP,
LV-NEP sample clusters shown as UMAPs. Genes representing different cell cycle
phases and cell type categories are used to assign cluster identities in Figure 8.

Supplementary Figure 7 | Expression patterns of Notch signaling components
and selected bHLH genes in lentiviral infected retinal organoid cells. Feature plots

of selected genes quantified in Figure 9 are shown in UMAPs in LV-GFP, LV-AEP,
and LVNEP infected retinal organoid cells. HES1 Is predominantly expressed
among neural stem cells and progenitors. HES6, DLL1, and NEUROD1 are
upregulated in exiting progenitors and neuroblasts. NHLH1 is expressed among
postmitotic cells.

Supplementary Figure 8 | Expression patterns of genes involved in cell cycle exit
and early retinogenesis. Feature plots of selected genes involved in cell cycle exit
(PLK1, CDKN2C) and differentiation of early retinal neurons (SOX4, ONECUT1,
OTX2) are shown in UMAPs in LV-GFP, LV-AEP, and LV-NEP infected retinal
organoid cells.

Supplementary Table 1 | DEGs in Different Cell Categories of LV-GFP infected
retinal organoids.

Supplementary Table 2 | DEGs in Different Cell Categories of LV-AEP infected
retinal organoids.

Supplementary Table 3 | DEGs in Different Cell Categories of LV-NEP infected
retinal organoids.

Supplementary Table 4 | Top 10 DEGs in LV-GFP infected Different Cell
Categories.

Supplementary Table 5 | Top 10 DEGs in LV-AEP infected Different Cell
Categories.

Supplementary Table 6 | Top 10 DEGs in LV-NEP infected Different Cell
Categories.
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The Intestinal Epithelium – Fluid Fate
and Rigid Structure From Crypt
Bottom to Villus Tip
Vangelis Bonis†, Carla Rossell† and Helmuth Gehart*

Institute of Molecular Health Sciences, ETH Zurich, Zurich, Switzerland

The single-layered, simple epithelium of the gastro-intestinal tract controls nutrient
uptake, coordinates our metabolism and shields us from pathogens. Despite its
seemingly simple architecture, the intestinal lining consists of highly distinct cell
populations that are continuously renewed by the same stem cell population. The
need to maintain balanced diversity of cell types in an unceasingly regenerating
tissue demands intricate mechanisms of spatial or temporal cell fate control. Recent
advances in single-cell sequencing, spatio-temporal profiling and organoid technology
have shed new light on the intricate micro-structure of the intestinal epithelium and
on the mechanisms that maintain it. This led to the discovery of unexpected plasticity,
zonation along the crypt-villus axis and new mechanism of self-organization. However,
not only the epithelium, but also the underlying mesenchyme is distinctly structured.
Several new studies have explored the intestinal stroma with single cell resolution and
unveiled important interactions with the epithelium that are crucial for intestinal function
and regeneration. In this review, we will discuss these recent findings and highlight the
technologies that lead to their discovery. We will examine strengths and limitations of
each approach and consider the wider impact of these results on our understanding of
the intestine in health and disease.

Keywords: intestine, stem cell, plasticity, differentiation, single cell, organoid, regeneration, cancer

INTRODUCTION

As a single-layered columnar epithelium, the cell lining that covers the digestive tract appears
deceptively simple. However, the epithelium and the underlying mesenchyme is exquisitely
structured. This is necessary to protect stem cells from the harsh environment inside the intestinal
lumen, to optimize nutrient uptake and to maintain a seamless barrier that protects against
mechanical stress, low pH and pathogen invasion. These diverse requirements led to the evolution
of crypt and villus domains, which support regeneration and nutrient uptake respectively. Within
each domain, we find even more refined zonation with certain cell types and functions appearing
only in specific positions along this crypt-villus axis. The existence of refined spatial organization
is unexpected, when we consider the other defining characteristic of the epithelium: continuous
proliferation. The epithelium turns over every 2–4 days in mice and every 2–5 days in humans
(Darwich et al., 2014). The same continuously dividing stem cell population at the bottom of
intestinal crypts generates all intestinal epithelial cells. Their offspring moves from the crypt up the
villus to be eventually shed into the lumen at the villus tip. Therefore, the intestinal epithelial cell
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sheet is in continuous motion and moves up to half a millimeter
per day. Despite this movement, the general spatial organization
in the epithelium remains static. This is only possible since
positional cues repeatedly induce and suppress cell fates in
individual cells along their journey toward the villus tip. As a
result, cells of the intestinal epithelium have to remain plastic
and highly responsive to environmental cues that instruct their
fate and function throughout their lifetime. In this review, we
will explore this intricate link between spatial organization and
plasticity in health and disease. We will highlight recent findings
and discuss the advantages and disadvantages of the new methods
and technologies that uncovered the full extent of structured
diversity in the intestine.

Form Follows Function
Evolution integrated the conflicting needs for maximized
absorption and barrier function by creating crypts and villi (see
Figure 1A). Villi are capillary-rich protrusions into the intestinal
lumen of 1.6 mm (proximal) to 0.5 mm (distal) length. They
increase the epithelial surface by a factor of 30 in the small
intestine, but are completely absent in the colon. A continuous,
postmitotic single layer of intestinal epithelial cells (mostly
enterocytes) covers villi and increases the absorptive surface
another 600 times due to the presence of microvilli on each
cell (Kiela and Ghishan, 2016). Crypts are facing away from
the intestinal lumen and sit in invaginations of the intestinal
mucosa. They form pockets of approximately 44 µm in diameter
and connect to the intestinal lumen only via a small opening
(around 3 µm), due to dense packing of cells (Maj et al., 2003).
The microenvironment within the crypt is further isolated from
the digestive process by a continuous outflow of mucus and
anti-microbial products. The purpose of this mechanism is to
flush potential contaminants out of the crypt and protect the
regenerative compartment below. This regenerative zone sits
lower in the crypt and consists of a progenitor zone in the crypt
middle and a stem cell zone at the very bottom (see Figure 1A).
Here, at the crypt bottom stem cells divide unceasingly to fuel the
continuous replacement of cells lost at villus tips.

SIMPLE YET DIVERSE – THE
INTESTINAL EPITHELIUM

Starting from the crypt bottom toward villus tips we encounter
different epithelial cell types in distinct positions. In the
following, we will highlight which cells form the intestinal
epithelium and how their characteristics and function vary along
the crypt villus axis (see Figure 1B).

Crypt-Base-Columnar Cells
Crypt-base-columnar cells (CBCs) are continuously dividing
intestinal stem cells that generate all other epithelial cell types.
They reside exclusively at the bottom of crypts wedged between
Paneth cells. CBCs divide every 21–24 h in mice and produce
two equipotent daughter cells (Dudhwala et al., 2020). Each crypt
contains around 15 intestinal stem cells (mouse) although stem
cell numbers vary with age. In humans, stem cell numbers are

high from birth throughout teenage years, but drop threefold in
adults (Dudhwala et al., 2020). In rodents and humans CBCs
are identifiable by their expression of LGR5, a receptor for
R-spondins (RSPO) (Barker et al., 2007). When LGRs bind
RSPOs they prolong and potentiate the action of local WNT
signals, which is essential for stem cell maintenance (Hao et al.,
2012; Koo et al., 2012).

In a process termed “neutral competition” all stem cells vie
for niche space between Paneth cells (Lopez-Garcia et al., 2010;
Snippert et al., 2010). Paneth cells, as primary niche cells, provide
essential Notch ligands, EGF and (in the mouse) WNT signals.
Since Notch signaling can only be induced via direct cell–cell
contact, membrane contact to a Notch ligand presenting cell in a
high-WNT environment is the limiting resource in the stem cell
zone. Stem cells that fail to establish niche interactions move up in
the crypt to the progenitor zone, where they further differentiate.
The continuous competition in the niche is a quality control
mechanism that ensures that a healthy stem cell population
occupies each crypt. Should a cell suffer DNA damage, a toxic
insult or a mutation that reduces its replicative fitness, it will
soon be outcompeted by healthy, faster cycling stem cells in
the niche and thus expelled from the stem cell zone. Neutral
drift dynamics were identified by tracing CBC clones using
Confetti – a multicolor labeling strategy. This Cre-loxP based
system stochastically recombines a construct containing four
inversely arranged fluorescent proteins. Individual clones could
then be identified by the expression of a random combination
of these fluorescent proteins (Livet et al., 2007). Snippert et al.
(2010) used Confetti to follow the fates of clonally labeled LGR5+
cells and demonstrated crypts drifting to monoclonality (become
single colored) after an average of 8 weeks. This means that
intestinal stem cells appear static in terms of size and positon
on a population level but undergo continuous drifts and shifts
in clonal composition.

Paneth Cells
Paneth cells, the primary niche cell for intestinal stem cells,
are wedge-shaped secretory cells at the crypt bottom. They
contain secretory granules that are filled with antimicrobial
products (lysozyme, α- defensins, and phospholipase A2). Low-
level release of these products is constitutive, which confers
antimicrobial properties to the intestinal mucosa. However,
Paneth cells can also drastically increase their secretion in
response to IFN-γ, which leads to complete degranulation and
extrusion of the cell into the lumen (Farin et al., 2014). The
antimicrobial arsenal of Paneth cells gives it broad protective
properties against bacteria and even enveloped viruses. Paneth
cells do not move with the stream of differentiating cells toward
villus tips. Instead, they remain firmly at crypt bottoms due
to their expression of Ephrin type-B receptors, which repulses
them from the differentiating cell zone, which produces Ephrin-
B (Batlle et al., 2002). Paneth cells interact with CBCs on
multiple levels. Paneth cell derived EGF and WNT contributes to
niche establishment, but is dispensable due to production of the
same signaling factors by the surrounding mesenchyme. In fact,
WNT production in Paneth cells is limited to the mouse small
intestine, since neither the equivalent niche cells in the colon
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FIGURE 1 | Structure of the intestine. (A) The intestine is organized in crypt-villus units. At the bottom of the crypt, in the stem cell zone crypt-base columnar cells
(CBCs) act as stem cells of the tissue and are intercalated between Paneth cells. Paneth cells are the primary niche of CBCs and provide them with Notch ligands,
EGF, and WNTs to support their continuous proliferation. At the same time Paneth cells also produce anti-microbial products to protect CBCs. In the Transit
Amplifying zone (TA zone) the highly proliferative absorptive and slow dividing secretory progenitors differentiate to their respective lineage. The ratio between
absorptive and secretory progenitors is controlled via lateral inhibition. Epithelial cells moving from the crypt bottom toward the villus encounter several opposing
signaling gradients, among them WNT and BMP. WNT signals, which are necessary for the stemness of CBCs, are higher at the crypt bottom and gradually
decrease toward the villus, while increasing BMP levels induce differentiation and gradual fate changes as cells rise up toward the villus tips. These signaling
gradients are shaped by mesenchymal populations, such as fibroblasts or telocytes. Distinct populations with differing secretory profiles constitute the mesenchymal
stem cell niche adjacent to crypts or induce continuous fate changes along the villus. Gray solid arrows indicate cells with Notch activity. (B) Cell fate determination in
the intestinal epithelium. Once CBCs leave the stem cell zone, they start to differentiate either toward the absorptive or the secretory fate depending on Notch
signals. Secretory progenitor cells can give rise to Paneth cells, goblet cells, Tuft cells and enteroendocrine cells, while absorptive progenitors can give rise to
microfold cells and enterocytes. However, fate changes are not unidirectional and can be reverted upon appropriate environmental stimuli, such as tissue damage.
Likewise, certain intestinal epithelial populations (e.g., enterocytes, EE cells, and goblet cells) dynamically acquire and lose different functions and thus cell identities
in the course of their lives due to the instructive capacity of changing environments that they traverse as they move along crypt and villus. Black solid arrows indicate
cell fate decisions during the differentiation process and gray dotted arrows indicate documented plasticity events by distinct cell populations.

(deep crypt secretory cells) nor human Paneth cells produce the
ligand (Sasaki et al., 2016). Notch signals, on the other hand, are
(under homeostatic conditions) only provided by Paneth cells
at the crypt bottom and are together with availability of WNT
stimulation the “limiting factor” that determines stem cell niche
size. Despite the fact that Paneth cells provide key signaling
molecules to CBCs, their depletion does not result in immediate
stem cell loss. CBCs differentiate in absence of Notch signals
in high WNT environments directly to Paneth cells (Yin et al.,
2014), which causes immediate replenishment of the Paneth cell
pool and reestablishment of the niche. Even if diphtheria toxin-
mediated Paneth cell ablation is prolonged, alternative niche cells
(early enteroendocrine and goblet cells) express DLL1 and can
maintain the LGR5+ cell pool (Van Es et al., 2019). Earlier studies
had indicated that epithelial niche cells might be dispensable
altogether, based on intact CBC populations despite complete
loss of secretory cells (including Paneth cells) in ATOH−/−

animals (Kim et al., 2012). However, loss of ATOH in CBCs
artificially simulates continuous NOTCH stimulation (as Notch
signaling suppresses ATOH expression), which makes a Notch-
ligand expressing niche cell indeed unnecessary. Therefore, these
experiments prove redundancy of Paneth cell derived EGF and
WNT, but do not conflict with the essential nature of epithelial-
niche-derived Notch signals. In fact, the influence of Paneth
cells may go beyond direct signaling. A comparison of metabolic

activity in CBCs and Paneth cells revealed that the former relied
mainly on oxidative phosphorylation, while the latter depended
on glycolysis. Lactate, the product of Paneth cell glycolysis,
could serve as respiratory substrate for CBCs and contribute
to the control of stem cell differentiation via ROS induced p38
activation (Rodríguez-Colman et al., 2017).

Transit Amplifying Cells
Transit amplifying (TA) cells reside in the zone directly above
the stem cell zone and are common progenitors of the absorptive
lineage. TAs replicate up to six times with an even shorter cell
cycle (∼12 h) than CBC cells before they enter a postmitotic
state and differentiate further (Potten, 1998). TAs require active
Notch signaling in a low-WNT environment to commit to
their absorptive fate. Notch ligands are provided by progenitors
of the secretory lineage (see below), which induce absorptive
fate in all surrounding progenitors in a process termed lateral
inhibition. Lateral inhibition maintains a stable ratio between the
lineages and ensures that the majority of progenitors will assume
absorptive fate and become enterocytes.

Secretory Progenitors
Similar to TAs, secretory progenitors are direct offspring of
CBC cells. They are the common progenitor of the secretory
lineage and give rise to Paneth cells, goblet cells, enteroendocrine
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cells, and Tuft cells. In contrast to TAs, they show a very low
proliferative index (Basak et al., 2014). Low mitotic activity is
due to lack of Notch signaling in secretory progenitors. HES1, the
direct target of Notch activation, is absent and cannot repress the
cycle inhibitors p27KIP1 and p57KIP2, which would be essential
to maintain a proliferative state (Riccio et al., 2008). Instead,
secretory progenitors express ATOH1 (likewise, due to lack of
HES1 repression), which induces expression of Notch-Ligands
(DLL1 and DLL4) and thus stimulates Notch signaling (and
absorptive fate) in all surrounding cells. ATOH1 is crucial for
maintenance of secretory identity, since even specified secretory
cells trans-differentiated to absorptive cells when ATOH1 was
depleted (Durand et al., 2012; Kim et al., 2014). The existence
of a single multi-potent secretory progenitor population has
recently been challenged by the observation that Paneth cells and
enteroendocrine cells, but not goblet cells arise from a progenitor
population with high non-canonical WNT signaling (Böttcher
et al., 2021). Future studies will have to address, whether distinct
secretory progenitor populations exist or whether a plastic
continuum of secretory progenitors differentiates to individual
cell types based on environmental signal inputs.

Goblet Cells
Goblet cells secrete mucus that lubricates the intestinal lumen
and forms a protective layer on the epithelium. Beyond their
secretory function, goblet cells can also deliver luminal antigens
to dendritic cells to induce tolerance (McDole et al., 2012).
Goblet cells are the most numerous among the secretory cells and
appear to constitute the default differentiation path for secretory
progenitors in absence of other stimuli. In fact, combined
inhibition of Notch and WNT signaling is sufficient to completely
convert CBC cells to goblet cells (Yin et al., 2014). Recent reports
have shed light on the surprising diversity of individual goblet
cells. Specialized goblet cells at the crypt opening, so-called
sentinel goblet cells, continuously sample the environment by
endocytosis. Upon detection of bacterial products (LPS, flagellin,
and P3CSK4) these cells release mucus and stimulate other goblet
cells lower in the crypt to do the same (Birchenough et al., 2016).
Another study identified five distinct goblet-cell types in the
human colon in distinct spatial arrangement. Interestingly, the
ratios between these goblet-cell populations shifted significantly
in patients with ulcerative colitis, indicating a direct link between
disease state and goblet-cell fate (Parikh et al., 2019).

Enteroendocrine Cells
Enteroendocrine (EE) cells are hormone-producing cells that
coordinate intestinal functions with the wider organism.
Depending on the enteroendocrine cell type and thus the
secreted hormonal product, they regulate intestinal motility,
satiety, insulin secretion, immune responses, or release of
digestive enzymes [for a detailed review, please see Beumer
et al. (2020)]. The number of individual EE-cell types is a
matter of active debate. Originally, their primary hormonal
product classified EE cells. However, improved immunostaining
and single-cell techniques revealed multi-hormonal cells and
regional differences that do not conform to this definition

(Habib et al., 2012; Haber et al., 2017). Recently, real-
time-resolved fate mapping identified these multi-hormonal
cells as transition stages of trans-differentiation events that
occurred during the normal lifecycle of certain EE lineages
(Gehart et al., 2019). The authors used Neurog3Chrono,
a highly sensitive genetic pulse-chase timer, in conjunction
with single-cell sequencing to generate a comprehensive map
of enteroendocrine fate with real-time resolution. This map
identified key regulators of enteroendocrine differentiation and
revealed direct transitions between mature enteroendocrine
populations with discrete hormonal profiles as part of normal
homeostasis. This enteroendocrine plasticity is closely linked
to the movement of EE cells through the changing signaling
environment from crypt to villus. BMP signaling, which increases
in strength with distance from the crypt bottom, suppressed
production of hormones such as GLP1 or TAC1 and promoted
expression of villus-enriched hormones such as Secretin or NTS
(Beumer et al., 2018). The net result is hormonal zonation, where
the same EE cells express and secrete different hormones as they
move up the crypt villus axis. However, movement of EE cells
appears to be at least partially uncoupled from that of enterocytes.
EE cells resided in crypts much longer than absorptive cells. Most
EE cells started leaving the crypt at around 60 h after onset
of differentiation (Gehart et al., 2019), but individual EE cells
remained in the crypt longer than 5 days (Aiken et al., 1994). Next
to their primary function, differentiating EE cells could also serve
as reserve niche cells for CBCs upon Paneth cell depletion, due to
their expression of Notch ligands (Van Es et al., 2019).

Tuft Cells
With a prevalence around 0.4% of all intestinal epithelial cells,
Tuft cells are even rarer than EE cells. Similar to EE cells
they are chemosensory cells, but do not produce hormones.
Instead, they are closely related to taste receptor cells and
express necessary components of taste perception, such as alpha-
gustducin and TRPM5. They use their chemosensory ability to
initiate type II immune responses in the intestinal epithelium
upon detection of parasites, such as helminths or certain protozoa
(Gerbe et al., 2016; Howitt et al., 2016; Von Moltke et al., 2016).
When a Tuft cell detects parasitic infection (via yet unknown
ligands) it secretes IL-25 to stimulate IL-13 release in group
2 innate lymphoid cells. This sets off a cascade that imposes
strong differentiation bias on intestinal epithelial progenitors
and changes epithelial composition to facilitate expulsion of the
parasite (for details see “Inflammation-related plasticity” below).

M Cells
Microfold (M) cells are not evenly distributed along the intestine,
but locally concentrated above Peyer’s patches. Peyer’s patches are
lymphoid follicles that contain B-, T-, and mononuclear cells and
perform immune surveillance. These secondary lymphoid organs
are separated from the intestinal lumen by follicle-associated
intestinal epithelium (FAE), which differs in cell composition
from surrounding intestinal epithelium. FAE is rich in M-cells
but lacks goblet cells almost completely. As a result, the mucus
layer above the follicle is thinner and allows for better contact
with the intestinal lumen. M-cells sample the lumen continuously
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and transport antigens to the immune cells underneath them.
Like all intestinal epithelial cells, M-cells derive from CBC
cells. However, they acquire their fate much later than other
epithelial cells due to plasticity within the absorptive lineage.
All intestinal epithelial cells express the receptor RANK, but
RANKL (the ligand) is specifically presented on Peyer’s patches.
When absorptive cells encounter RANKL they acquire M-cell
fate. Whether only absorptive progenitors or even fully mature
enterocytes can switch lineage is not yet clear. However, it is
likely that the capacity to trans-differentiate to M-cells is still
maintained in mature enterocytes, since exposure to pathogens
increased M-cell numbers within few hours (Tahoun et al., 2012).
Experiments in vitro and in vivo have shown that RANKL is both
necessary and sufficient to promote M-cell fate (Knoop et al.,
2009; de Lau et al., 2012; Kanaya et al., 2012). However, M-cell
differentiation could be blocked by nociceptor sensory neurons
via release of CGRP. Although the exact mechanism of the M-cell
reduction upon neuronal activation is not clear yet, its purpose is
to limit the number of M-cells as entry points upon Salmonella
Typhimurium infection (Lai et al., 2020).

Enterocytes
Enterocytes are the most common cells of the intestinal
epithelium. Their primary role is the controlled transport of
nutrients, water and ions from the intestinal lumen into the
body. Until recently, enterocytes along the crypt villus axis
were considered homogeneous. However, single-cell studies
discovered several types of enterocytes with distinct functions
at specific positions along the crypt-villus axis. With the help of
laser capture microdissection (LCM) Moor et al. (2018) created
a large panel of landmark genes that was subsequently used to
align an intestinal epithelial single cell dataset along the villus.
Thus, the team uncovered spatial zonation of absorptive cells
and concluded that each enterocyte moved up the crypt-villus
axis and trans-differentiated into several enterocyte types in the
course of its limited lifetime of 3–4 days. At the bottom of
the villus, enterocytes express an anti-microbial program and
specialize in amino-acid transport. Mid-villus enterocytes are the
main transporters for carbohydrates and upper-villus enterocytes
are responsible for lipid uptake. The signals that underlie the
formation of these functional gradients are not clearly identified
yet, but similar to EE cells a direct link to BMP signaling is
likely. First insights come from identification of specific villus-
tip telocytes that provide BMP and non-canonical WNT signals
to tip-enterocytes. Ablation of these telocytes resulted in loss of
some, but not all, tip-enterocyte markers in the tip-epithelium
(Halpern et al., 2020).

In summary, most intestinal epithelial cell types show distinct
spatial patterns of occurrence and function along the crypt-
villus axis (see Figure 2). Similar observations have been made
in other organs, such as the liver, where hepatocyte functions
change significantly from the central vein region to the portal
triad zone. However, whereas the liver is almost static in cellular
composition during normal homeostasis, the intestine shows
fast, directional-flow turnover. This necessitates a high degree of
plasticity, where individual cells contribute to different zones and
thus purposes in the course of their lifetime. To ensure robust

zonation, the instructions to undergo these fate changes have to
be provided either by the epithelium itself (e.g., lateral inhibition)
or by a well-structured stromal environment. The full extent of
intestinal micro-structure and plasticity-induced zonation has
yet to be comprehensively revealed. Interestingly, recent years
have seen the development of a number of new technologies
that would be well suited to study these spatio-temporal relations
in the intestine.

Looking Beyond the Field – Upcoming
Technologies to Investigate Spatial
Relations in the Intestine
The anatomy of the gastrointestinal tract and the composition
of its different regions have traditionally been studied with
techniques that provided limited information of its actual micro-
structure or dynamics. Recently developed spatio-temporal
techniques have overcome these limitations by increasing the
available spatial and temporal resolution. However, they are yet
to be applied to the study of the gastro-intestinal tract. In the
following paragraph we look beyond the field of intestinal biology
and identify techniques and applications that could be useful to
deepen our understanding of the gut.

Newly developed spatial and temporal reporter systems have
the ability to highlight cell interaction and to follow cell fate in
time. So far, only the Neurog3Chrono system found application
in the intestine (see enteroendocrine cells). Recently, a promising
tool for niche identification has been developed in the field
of cancer biology. The sLP-mCherry niche labeling system was
used to label environments during breast cancer metastasis
in the lung (Ombrato et al., 2019). The authors engineered
cells to release a cell-penetrating mCherry fluorescent protein
that labeled nearby cells in vivo. A similar strategy could be
employed for studying intestinal stem cell niches or the specific
environments that induce fate transitions along the crypt-villus
axis. The Victora group took a different approach to discern
direct cell interactions: they fused bacterial sortase A to a
receptor on the surface of one cell population of interest and
five N-terminal glycines to the corresponding ligand on the
surface of another cell population of interest. When these two
populations encountered each other in presence of a fluorescent
or biotin marked substrate the fluorescent (or biotin) mark was
transferred in an enzymatic reaction to the ligand-presenting
cell. This method called LIPSTIC has been used to study the
dynamic interactions of T-cells and dendritic cells, but could also
be utilized to resolve specific cell interactions (e.g., alternative
stem cell niche cells) in the intestinal epithelium in vivo (see
Figure 3; Pasqual et al., 2018).

Parallel to reporter systems, modified scRNA-seq techniques
with inherent spatial resolution have gained traction. Spatial
transcriptomics is an RNA-seq based approach that analyses
transcriptomes at thousands of individual spots across a
histologic tissue section (Ståhl et al., 2016). Due to its
unbiased nature, this approach has the potential to become
a powerful tool to study tissue microstructure. Currently
the method is still held back by limited spatial resolution
(around three cells) and strongly reduced sensitivity in
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FIGURE 2 | (A) Topology of epithelial and mesenchymal cell populations across the crypt-villus axis. Distinct populations of epithelial and mesenchymal cells can be
encountered at specific positions along the crypt villus axis. CBCs located at the crypt bottom, proliferate and can give rise to all epithelial cell types of the intestine.
Secretory populations exist at various positions across the crypt-villus axis, including Paneth cells (crypt bottom) that protect and nurture CBCs, Tuft (villus) and
goblet (crypt + villus) cells that coordinate inflammatory responses, as well as hormone-producing enteroendocrine cells (crypt + villus). Absorptive progenitors give
rise to enterocytes and M cells. Enterocytes located at different parts of the villus are linked to distinct functions such as amino-acid (aa) and carbohydrate transport
and lipid uptake. M cells are mainly located above Peyer’s patches and their main role is to transport antigens to the antigen-presenting cells underneath them for
further processing. Stromal cells provide structural support to the tissue and provide epithelial cells with signaling molecules, regulating important processes such as
proliferation and differentiation. Several fibroblast populations located at the crypt bottom in close proximity to the stem cell zone have been linked to production of
WNTs and RSPO, which are essential for stem cell maintenance. Telocytes have varying secretory profiles depending on their position along the crypt-villus axis.
A subset of telocytes found under the crypt produce canonical WNT ligands and RSPO3. However, telocytes locally concentrated at the villus base and tips and are
linked to production of BMP ligands that promote differentiation of epithelial cells. (B) Effects of stromal cell-derived signals on intestinal epithelial cells. Stromal cells
produce various signaling molecules affecting the behavior of intestinal epithelial cells. Telocytes and fibroblasts located near the stem cell zone secrete WNT ligands
and RSPO to maintain stemness of CBCs, while WNT antagonists and BMP inhibitors, produced by myocytes and crypt-associated telocytes establish the limits
that distinguish the stem cell zone from the rest of the crypt. Upon damage, fibroblast-derived PGE2 drives the regeneration of stem cells via the YAP signaling axis.
BMPs produced mainly by telocytes found in the villus induce differentiation and zonation of enterocytes, enteroendocrine cells and potentially other cell types as
they migrate from the villus base toward the tip. Likewise, inflammatory signals derived from immune cells drive stem cell expansion and proliferation, instruct cell fate
decisions and introduce strong differentiation biases toward secretory cell lineages so that tissue’s homeostasis is re-established after damage of the intestinal
epithelium.

comparison to standard single cell RNA sequencing. In the
gastrointestinal field spatial transcriptomic has recently been
applied in combination with scRNA-seq to explore the early
development of the human intestine (Fawkner-Corbett et al.,
2021), but similar studies in adult tissue that characterize

intestinal microstructure and its changes in various disease states
are still missing.

Overall, there is a wide variety of upcoming methods
to interrogate the temporal and spatial dimensions of
the gastrointestinal tract. Nevertheless, generation of a
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FIGURE 3 | Comparison of the main methods to study spatio-temporal relationships.

comprehensive picture of the dynamic changes in intestinal
function during health and disease will remain a challenge.
Future improvements to the scalability of multimodal methods
(techniques that simultaneously measure multiple parameters
in a single cell) or methods that aim at integrating data from
different tools will be crucial to paint a comprehensive picture of
position, fate and function. Particularly mesenchymal structure
is an important part of the equation. Due to its role in instructing
stem cell maintenance and differentiation, the mesenchyme is
an equally structured component of the intestine that has yet to
receive more attention.

MORE THAN STROMA – THE
INTESTINAL MESENCHYME

The intestinal stroma consists of several cell types, namely
fibroblasts, myofibroblasts, pericytes, telocytes, endothelial cells,
neural cells, and immune cells. Altogether, they provide structural
support to the tissue and produce signals that are essential
for stem cell maintenance, self-renewal and tissue zonation
(see Figure 1). Mesenchymal cells produce diverse signaling
molecules depending to their position across the crypt-villus
axis. Stromal cells near the crypt bottom, where CBCs reside,
mainly produce WNT ligands, RSPOs, and BMP inhibitors which
block differentiation and support maintenance of stemness.
Mesenchymal cells that are located above the crypt produce a
rising BMP gradient toward the villus that induces maturation
of CBC daughter cells and accounts for zonation of EE cells and
most likely enterocytes (see Figure 2).

Mesenchymal cell populations in close proximity to the
crypt have been investigated extensively for their potential role
in constituting the niche of CBCs. A subset of PDGFRa+;
CD34+ fibroblasts located near the crypt base produce canonical
WNT2B, RSPO1, RSPO2, and RSPO3 (McCarthy et al., 2020).
This population serves also as the main source of the BMP
antagonist GREM1. As a result, these cells enhance WNT but
inhibit BMP signals in the crypt. Thus, they provide two essential
components for stem cell maintenance (see Figure 2). The niche
function is further corroborated by the ability of the same cell
population to support the formation and passaging of organoids
in co-culture experiments in the absence of RSPO (a crucial
WNT signaling potentiator) or NOGGIN (an otherwise necessary
BMP inhibitor) (McCarthy et al., 2020). In addition, a rare

(potentially overlapping), PDGFRa+ and CD34+ population of
fibroblasts located around the crypts, in close proximity to
the stem cell zone has been recently linked to production of
Prostaglandin E2 (PGE2) (see Figure 2). Fibroblast-derived PGE2
binds to its receptor expressed in intestinal stem cells and induces
the activation of a YAP transcriptional program, which drives
the expansion of stem cells. In co-culture experiments, this
population induced increased stem cell identity in organoids
(Roulis et al., 2020). Other mesenchymal cells positive for
PDGFRa and CD34 lie above the crypt, but do not produce BMP
inhibitors, which underscores the exquisite microstructure in
the mesenchyme that enables epithelial zonation. Independently,
pericryptal myofibroblasts marked by PDGFRa expression
produce WNT ligands and RSPO3. In fact, presence of these
cells in co-culture makes addition of RSPO to small intestinal
organoids obsolete. When Rspo3 is specifically ablated from these
myofibroblasts in co-culture, organoid growth is significantly
reduced (Greicius et al., 2018). It is apparent that many stromal
populations can support organoid formation, however, whether
the populations described are identical or partially overlapping
remains to be further elucidated. In the colon, a sub-epithelial
mesenchymal population expressing GLI1 provides WNT signals
for CBCs. When Wntless, which encodes a protein required for
the secretion of WNT ligands, is genetically ablated in these
stromal cells, LGR5+ CBCs are lost and the integrity of the
colonic epithelium is impaired. GLI1-expressing cells are also
present in the small intestine, with a major role as a reserve
source of WNT, when it is not sufficiently provided to stem
cells by epithelial cells (Degirmenci et al., 2018). The importance
of mesenchymal WNT is likely more pronounced in humans
than mice, since mouse Paneth cells do produce sufficient
WNT to maintain stem cells, while their human equivalents
do not. This is evidenced in organoid culture, where addition
of WNT to the medium was only necessary for human small
intestinal organoids.

Another mesenchymal cell type of sub-epithelial cells, termed
“telocytes,” has recently received increased attention due to its
complex role in epithelial patterning. Telocytes are large cells
with extended processes called “telopodes,” embedded in the basal
lamina between the capillary plexus and the intestinal epithelium
and are characterized by the expression of FOXL1 (Shoshkes-
Carmel et al., 2018). Although telocytes can be found along the
whole crypt-villus axis, their density is higher in the villus base
and tips (see Figure 2). Bulk sequencing detected production
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of canonical WNT2B, non-canonical WNT4, WNT5A, WNT5B,
RSPO3, and several BMP ligands such as BMP2, BMP3, BMP4,
BMP5, and BMP7 in these cells. However, expression of both
BMPs and WNT ligands in the same population was paradoxical,
since one pathway promoted differentiation, whereas the other
induced stemness. Subsequent spatial analysis of telocytes via
single-molecule Fluorescence in situ Hybridization (smFISH)
identified several distinct telocyte populations with strikingly
different expression profiles. Telocytes located near crypts
produced canonical WNT2B and RSPO3, while non-canonical
WNT5A and BMP5 were enriched in telocytes found in the crypt-
villus junctions. More importantly, blocking WNT secretion
from telocytes by genetic inactivation of Porcn, resulted in
reduced proliferation of CBCs in both small and large intestine
and reduced WNT signaling. This indicated that telocytes are a
critical source of WNTs for epithelial cell proliferation (Shoshkes-
Carmel et al., 2018; McCarthy et al., 2020). Moreover, an LGR5+
subpopulation of telocytes located at villus tips has been recently
described (see Figure 2). These LGR5+ telocytes produced BMPs
and WNT5a, which suggested that non-canonical WNT signaling
may play a role in establishing tip identity. Genetic ablation
of these tip-telocytes led to loss of most tip-specific enterocyte
markers. These markers only returned after 3 weeks, when also
LGR5+ telocytes had reappeared. This identified the LGR5+
telocyte population as major regulator of the late enterocyte
transcriptional program (Halpern et al., 2020).

However, the intestinal epithelium is not shaped by fibroblast
and telocyte-derived products alone. Intestinal endothelial
cells have been recently linked to production of RSPO3 to
maintain intestinal homeostasis (see Figure 2B; Ogasawara
et al., 2018). On the other hand, myocytes produce WNT
antagonists, namely DKK3 and SFRP1 that may limit WNT
signaling activation above the stem cell zone and thus induce
differentiation of stem cell progeny (McCarthy et al., 2020).
Moreover, distinct immune cells are linked to secretion of
inflammatory cytokines that drive CBC proliferation and
differentiation to secretory cells in order to maintain tissue
integrity and homeostasis (see Figure 2B and “inflammation-
related plasticity below”).

A major limitation of our current knowledge of mesenchymal
populations and their spatial organization is the poor
comparability of results. Without a more comprehensive
approach it is difficult to ascertain, whether individual studies
describe the same or differing cell populations. Additionally
complexity comes from regionalization along the gastro-
intestinal tract. It is very likely that the well-described regional
differences from proximal to distal small intestinal epithelium
are equally reflected in different mesenchymal populations.
A coordinated effort with standardized methods, such as
unbiased, spatially resolved single cell sequencing, will be needed
to unlock the full complexity of the stromal structure that
informs intestinal identity. Beyond identification and mapping
of mesenchymal populations, functional assays are crucial
to determine effects of epithelial-mesenchymal interactions.
Thankfully, faithful in vitro tissue modeling has become more
accessible in the last decade due to the development of organoid
technology.

IN VIVO SYSTEMS TO ASSESS NICHE
FUNCTION AND
EPITHELIUM-MESENCHYME
INTERACTIONS

In vivo studies of epithelial-mesenchymal interactions are
inherently difficult, due to low accessibility and high complexity
of native tissues in a living organism. This is why in vitro
techniques, such as organoid technology see increased use in
mechanistic exploration of basic tissue function. “Mini guts”
give researchers the opportunity to simulate intestinal function,
regeneration and disease in a dish as organoids recapitulate
the cell type-composition, general structure and self-renewal
process of their tissue of origin. They can be obtained either
from pluripotent stem cells (either embryonic or induced),
or multipotent adult stem cells (LGR5+ CBC cells). Either
has distinct advantages, when exploring epithelial-mesenchymal
interactions. Organoids derived from Pluripotent Stem Cells
(PSC) recapitulate fetal development of the intestine and are
excellent tools to study this process ex vivo. In addition,
the guided differentiation of PSCs fosters co-development of
epithelial and mesenchymal tissue, which provides important
insights into co-dependencies of both layers. For example,
PSC-derived human intestinal organoids have been used to
study how mechanical forces that are necessary for intestinal
development induce transcriptional changes that are crucial
of correct maturation of epithelium and mesenchyme (Poling
et al., 2018). However, the differentiation procedure from
PSCs to intestinal tissue is complex. It usually takes an
average of 2–3 months for the organoids to develop fully
and, unless transplanted under the kidney capsule, they
maintain fetal characteristics (McCracken et al., 2011) [for
an in depth look at PSC derived endodermal organoids
please refer to Kechele and Wells (2019)]. In contrast,
adult stem cell derived organoids model adult tissue repair
and solely consist of epithelium. This lack of mesenchymal
structures reduces the system complexity, but also enables
the investigation of deliberate, artificial environmental changes
thanks to the defined nature of organoid media. This makes
adult intestinal organoids a powerful system to investigate
individual signaling molecules that can be simply added
or withdrawn from the defined medium. Likewise, adult
“mini-guts” can be employed to study epithelial-mesenchymal
interactions in well-defined co-culture assays. Multiple studies
that identified mesenchymal niche cell populations have used
adult intestinal organoid co-culture to demonstrate niche-
function of mesenchymal populations (Stzepourginski et al.,
2017). A similar approach in the stomach used gastric organoid
co-culture and single cell-sequencing to identify a particular
LGR5+ fibroblast population as main source of RSPO3 in
the tissue (Chen et al., 2019). Recently, the complexity of
co-culture systems has been expanded even further, as both
immune cells and bacteria have been added to mini-intestines,
which greatly expands the possibilities for future uses of the
system (Figure 4; Noel et al., 2017; Bar-Ephraim et al., 2020;
Pleguezuelos-Manzano et al., 2020).
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FIGURE 4 | Comparison of different organoid systems to assess fate determination and plasticity in homeostasis and disease.

Beyond studying environmental interactions, organoids also
find applications in exploring the inherent self-organization
of tissues. Serra et al. (2019) used adult intestinal organoids
to describe how single cells generate multicellular asymmetric
structures and discovered a critical role of YAP-1 in the
process. Furthermore, adult organoids were employed to describe
how the metabolic activity of LGR5+ CBCs and Paneth cells
play a role in supporting optimal stem cell function in the
intestine (Rodríguez-Colman et al., 2017). In general, the ease
of establishment (3–7 days), accessibility and expandability (split
rates of 1:3 to 1:4 each week) make adult epithelial organoids
excellent tools to study the effects of specific manipulations of an
otherwise fully defined system. Yet, the simplicity of the system
is also its limitation. Even current co-culture systems only add
a single cell type at a time, which prevents cross-talk between
mesenchymal or immune populations. Future efforts will have
to develop more advanced co-culture systems that bridge the
gap between impenetrable complexity in vivo and over-simplified
interactions in vitro.

CELLULAR AND TISSUE PLASTICITY IN
THE INTESTINAL EPITHELIUM

At its core, plasticity describes the ability of individual cells
or whole tissues to change their function dynamically in
response to extrinsic factors. On a tissue level, extrinsic factors
like diet, inflammatory signals or tissue damage change the
cellular composition of the intestinal epithelium. These factors
either directly affect differentiation decisions on stem cell level
or induce cellular plasticity in mature populations. Both de-
differentiation and trans-differentiation fall under the umbrella
term of cellular plasticity. The former describes a process during
which mature cells return to a progenitor/stem cell state, whereas
the latter implies direct conversion from one mature cell type to
another (Tetteh et al., 2015). In any tissue, the factors promoting
and limiting plasticity need to be well balanced to confer
adaptability and robustness at the same time. If this balance tips
toward stability, the tissue may be unable to regenerate after
injury, if it tips toward plasticity, cancer may ensue.

The intestinal epithelium is a highly plastic epithelium that
can rapidly respond to metabolic, inflammatory or regenerative
challenges. The adaptability of the intestine serves on the one
hand to balance function with energy expenditure and on the
other hand to ensure epithelial integrity. It comes in the form
of trans-differentiation, as intestinal cell populations change

their function in response to environmental stimuli and their
position along the crypt-villus axis, but also in the form of
de-differentiation, when regenerative capacities are exhausted.
The intestine is lined by 30 m2 of single-layered epithelium
that shields the rest of the organism from 1013 bacteria in its
lumen. Due to its thinness, the barrier is ideal for nutrient
uptake, but lacks the strength to withstand mechanical abrasion
and environmental insults repeatedly. This is why continuous
self-renewal, though energy expensive, is necessary to maintain
epithelial integrity. Self-renewal depends on the presence of
continuously dividing, healthy stem cell populations that provide
a steady flow of replacement cells. However, unceasing cell
division makes stem cells also susceptible to DNA damage,
radiation and cytotoxic substances. Consequently, a variety of
mechanisms (seclusion in crypts, neutral competition, and spatial
niche limitations) is in place to protect stem cells and prevent
malignant transformation. Likewise, an extensive backup system,
in the form of intestinal plasticity, enables the intestine to re-
establish homeostasis rapidly after catastrophic stem cell loss.
Thus, both trans- and de-differentiation are integral components
of normal intestinal function.

Metabolic Plasticity
The intestinal epithelium has a fast cell turnover that requires
significant energy expenditure to maintain. Consequently, such
energy-expensive process has to be well balanced with actual
caloric intake, particularly if an organism undergoes prolonged
periods of fasting. During starvation, the snake’s intestine
undergoes atrophy, a condition associated with reduced intestinal
mass, as intestinal surface area and epithelial cell numbers
are significantly reduced. Upon re-feeding, rapid and extensive
remodeling occurs when the intestinal turnover is restarted
(Secor et al., 1994). Analogous mechanisms have also been
described in mammals: long-term fasting caused atrophy in
the rat intestine leading to a reduction in villi length, which
was reversed upon re-feeding (Dunel-Erb et al., 2001). This
shortening of villi was also reflected in changes in the regenerative
compartment. Food withdrawal caused an increase in the number
of Paneth cells and thus CBCs (due to increased niche space).
Furthermore, it induced a decrease in TA cells, concomitant with
overall reduced proliferation. Interestingly, calorie restriction was
associated with reduction of mTORC1 signaling in Paneth cells
(see Figure 5A). Whether the detected loss of mTORC1 signaling
in Paneth cells was directly responsible for the increase in their
numbers, remains to be clarified. However, this mechanism
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FIGURE 5 | Plasticity of the intestinal epithelium upon different challenges. (A) Calorie restriction. Long-term fasting induces morphological changes in the intestine
associated with reduced villus-length. It also affects the stem cell zone, by inducing an increase in the populations of CBCs and Paneth cells and decrease in TA
cells. (B) Nutrient overabundance. High-fat diet affects the stem cell compartment, as it induces an increase in the number of CBCs and decrease in Paneth cells.
This was linked to the acquisition of Notch independence by CBCs as they produce their own Notch ligands to stimulate Notch signaling. (C) Damage-induced
plasticity. Severe damage of the epithelium can lead to profound inflammation that in turn activates group 3 innate lymphoid cells (ILC3), which produce IL-25 to

(Continued)
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FIGURE 5 | Continued
support CBC proliferation. Alternatively, ILC3s can also promote tissue regeneration by CBCs via an IL-25 independent mechanism, which involves the activation of
YAP signaling in epithelial cells. This effect is most likely mediated by a stromal population that reacts to ILC3 activation with release of IL-11. If CBCs have been
damaged or eliminated in the course of the insult, differentiated epithelial cells can fall back into the niche and de-differentiate to restart tissue replenishment.
(D) Infection-related plasticity. Upon infection, Tuft and goblet cells are activated to produce anti-microbial products. Also, Tuft cells secrete IL-25 that activates ILC2s
which in turn secrete Il-13. IL-13 acts on epithelial cells and strongly favors differentiation to Tuft and goblet cells, which results in Tuft and goblet cell hyperplasia.

was strongly suggested by the fact that forced activation of
mTORC1 in Paneth cells prevented niche and stem cell expansion
upon starvation. This identified the niche as main detector
of metabolic status and regulator of stem cell numbers upon
limited nutrient availability (Yilmaz et al., 2012). Whereas the
reduction in proliferation conserves energy, the increase in
CBC numbers may poise the tissue for immediate regeneration,
once nutrients are available. Additional regenerative capacity
upon re-feeding rests in reserve stem cell populations (often
referred to as +4 cells). Nutrient deprivation induced PTEN
inhibition in reserve stem cells (mostly progenitors of the
secretory lineage) and an increase in their number (Richmond
et al., 2015). Surprisingly, mice on high-fat diet also showed
elevated numbers of CBCs. In contrast to fasting, however, the
number of Paneth cells was decreased. This finding was counter-
intuitive, since stem cells depend on Notch signals that are
only provided in direct membrane contact with Paneth cells
during homeostasis. However, this contradiction was explained
by the fact that high fat diet induced expression of Notch
ligands in CBCs, which allowed them to act as their own
primary niche cells and uncoupled them from Paneth cells (see
Figure 5B). Interestingly, this created a direct link between
high caloric intake and carcinogenesis, since niche independence
is the first important step that ensures survival of malignant
cells. The nutritional status exerted its effect on stem cells
via PPARδ signaling (Beyaz et al., 2016). Consistent with this
assumption, pharmacological activation of PPARδ mimicked
the high-fat response and granted non-ISC populations the
capacity to form tumors upon APC loss (Beyaz et al., 2016).
Recently, another link between cell fate determination and
metabolism has been described. Loss of Lkb1 in LGR5+ cells
induced a differentiation bias toward the secretory lineage and
thus boosted the number of secretory cells (Gao et al., 2020).
During homeostasis LKB1 inhibits PDK4, which would otherwise
block pyruvate dehydrogenase. Pyruvate dehydrogenase is a
key enzyme in oxidative phosphorylation on which CBCs rely
metabolically. When Lkb1 was ablated oxidative phosphorylation
was decreased, which resulted in upregulation of Atoh1 mRNA
levels, which in turn promoted an increase in the number of
secretory cells (Gao et al., 2020). Likewise, loss of the pyruvate
carrier Mpc1 in LGR5+ cells resulted in increased proliferation
and expansion of the stem cell compartment (Schell et al.,
2017). This expansion was likely caused by increased fatty
acid metabolism, which translated to stabilization of β-catenin
and increased WNT signaling (Beyaz et al., 2016). Although
these genetic loss-of-function models induced artificial metabolic
changes, they clearly show that the metabolic state of CBCs can
dynamically control proliferation as well as cell fate decisions.
Future studies will have to address to which extent, circadian

metabolic fluctuations and diet composition directly affect
stem cell function.

Inflammation-Related Plasticity
Similarly to nutrition, inflammation-mediated signals play a
significant role in regulating intestinal cell plasticity and have
strong impact on CBC behavior. Inflammatory responses can
be initiated by tissue damage or infection. In both cases,
specialized immune cells are activated and secrete factors that
support re-establishment of tissue homeostasis. Group 3 innate
lymphoid cells (ILC3) are present in the intestine in close
proximity to crypts. ILC3s react to tissue injury and secrete IL-
22, which has been implicated in epithelial regeneration of the
intestine. IL-22 activated the JAK-STAT signaling pathway in
CBCs, which supported stem cell survival and proliferation in
response to damage (Lindemans et al., 2015). Additional, IL-22
independent mechanisms have been identified that support crypt
cell proliferation during intestinal tissue regeneration via the
Hippo pathway (Romera-Hernández et al., 2020). ILC3s activated
YAP signaling in LGR5+ CBCs to support the regeneration
process of the tissue. YAP signaling plays key roles in the
regenerating intestine, as loss of the pathway results in a
defective regeneration process (Barry et al., 2013; Gregorieff et al.,
2015). ILC3s were necessary for the activation of YAP signaling,
since no YAP response occurred in crypts of mice lacking
ILC3s after Methotrexate (MTX)-induced intestinal damage.
Mechanistically, YAP activation can be induced via the IL-
6 family receptor GP130. The GP130 receptor can dimerize
with IL-6 or IL-11 receptors (IL-6R and IL-11R) to form
functional receptor dimers that respond to their respective
ligands (Taniguchi et al., 2015). Although LGR5+ cells express
GP130 and IL-11RA1, ILC3s do not directly produce IL-11.
Instead, IL-11 is known to be produced by other stromal cells.
This implies the involvement of another stromal population as
an intermediate between epithelial cells and ILC3 activation (see
Figure 5C; Romera-Hernández et al., 2020).

Upon infection with parasites, such as helminths, the intestinal
epithelium presents with granulomatous infiltrates containing
different immune cells, including natural killer cells (NK cells),
neutrophils and innate lymphoid cells. However, not only
immune cells but also mucus-producing goblet cells and chemo-
sensory Tuft cells are heavily involved in the intestinal response
to parasitic infection. In addition to producing anti-microbial
molecules, Tuft cells respond to helminth infections by producing
IL-25, which in turn activates tissue-resident group 2 innate
lymphoid cells (ILC2). ILC2 cells produce IL-13 that binds to
its receptor IL-4Rα expressed in LGR5+ stem cells and DLL1+
secretory progenitors. IL-13 signaling in these cells induces
strong lineage bias in the differentiation process that favors
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production of Tuft and goblet cells. This leads to a profound
goblet and Tuft cell hyperplasia, which is crucial to facilitate
the successful expulsion of the nematode from the intestine
(see Figure 5D; Gerbe et al., 2016; Von Moltke et al., 2016).
Interestingly, helminth infection had a strong impact on the
transcriptional profile of stem cells beyond the aforementioned
lineage bias. Crypts in direct proximity to granulomatous
infiltrates lost stem cell marker expression such as LGR5 and
OLFM4, despite continuing proliferation. CBCs in these crypts
displayed an IFNγ signaling signature, which was associated
with expression of Sca-1 and fetal markers such as Gja1 and
Spp1. Culturing these SCA-1+ epithelial cells as organoids, led to
the formation of spheroids that lacked markers of differentiated
epithelial cells (Nusse et al., 2018). Furthermore, these spheroids
were insensitive to RSPO withdrawal from medium, which had
also been demonstrated in cultures of mouse fetal intestinal
epithelium (Mustata et al., 2013). This indicates that CBCs can
return to a partially fetal state under influence of a changed
microenvironment during parasitic infection. To which extent
this fetal reversion benefits re-establishment of tissue integrity
and function is not yet fully established (Nusse et al., 2018).

Another study has recently shed light on the crosstalk between
LGR5+ cells and T-helper cells (Th cell) (Biton et al., 2018). Two
subpopulations of LGR5+ cells were identified via scRNA-seq
analysis, that express MHC class II proteins (MHC II) and can
activate T cells as antigen-presenting cells. The authors showed
in organoid culture experiments that multiple inflammatory
signals affect ISC proliferation and differentiation in contrasting
ways. More specifically, co-culture of intestinal organoids with
T regulatory cells (Tregs) or IL-10, their secretory product,
induced the expansion of CBCs. In contrast, co-culture with
Th1 or supplementation with exogenous IFN-γ resulted in the
differentiation of CBCs to Paneth cells. Conversely, Th2 co-
cultures or addition of IL-13 promoted the differentiation of
CBCs to Tuft cells. Moreover, deletion of MHCII in LGR5+
cells prevented remodeling of the tissue upon infection with
pathogenic Heligmosomoides polygyrus and induced an increase
in LGR5+ cell numbers, which disrupted the mucosal immune
response (Biton et al., 2018). Overall, these data suggest that
CBCs play a role in regulating the tissue’s adaptive immunity
by responding to pro-inflammatory and anti-inflammatory
signals with Paneth or Tuft cell differentiation respectively. This
highlights the crosstalk of immune cells with stem cells as a
mechanism to re-establish and maintain tissue homeostasis upon
different inflammatory conditions.

Cellular Plasticity During Regeneration
of the Intestine
Despite the “proliferative vulnerability” of its stem cells, the
intestinal epithelium possesses a remarkable ability to recover
from severe stress such as irradiation, or chemotherapy. In fact,
the resistance of the intestinal epithelium surpasses that of tissues
with quiescent stem cells such as the bone marrow (Withers
and Elkind, 2009). Even when stem cells are completely lost
in the course of the insult, CBCs re-appear and are the main
contributors to regeneration after injury. This is possible, since

differentiated cells re-acquire CBC cell status when in contact
with an empty niche space. This process relies equally on the
instructive capacity of a dynamic stem cell niche and plasticity
in the epithelium (see Figure 5C).

Due to the role of LGR5+ CBCs as stem cells during intestinal
homeostasis and their importance in regeneration, several studies
have tested their necessity for intestinal regeneration by depleting
them via irradiation or Diphtheria toxin (DT)-mediated ablation
(Tian et al., 2011; van Es et al., 2012). Interestingly, in all cases
LGR5+ cells re-appeared within 2–3 days after complete removal.
However, when their resurgence was blocked due to continuous
DT-mediated ablation, the regeneration process failed (Metcalfe
et al., 2014; Tan et al., 2021). This implies that the LGR5+ cell
pool is essential for intestinal regeneration, but can be replenished
by an alternative cell source. This replenishment could come
either from a dedicated reserve stem cell population or from de-
differentiation of more mature populations (see Figure 1B). This
question has recently been addressed in an elegant study that
investigated intestinal recovery from irradiation with short-term
lineage tracing. By limiting the timeframe of lineage labeling, the
authors ensured that only recently generated cells would inherit
a fluorescent mark and potential long-lived, quiescent reserve
stem cell populations would not. Subsequent ablation of CBCs
revealed that all re-appearing stem cells carried the fluorescent
label. This clearly indicated that LGR5+ cells were replenished
from their recent progeny undergoing de-differentiation, rather
than a reserve stem cell population. Interestingly, both absorptive
and secretory lineage cells could contribute to the recovery of the
CBCs (Murata et al., 2020). The lack of evidence for a dedicated
reserve stem cell population has shifted the research focus more
and more toward plasticity. Indeed, the replenishment of LGR5+
cells has been attributed to various alternative sources, ranging
from secretory progenitors and enterocyte progenitors, to more
differentiated cell types such as EECs. One of the first studies
describing that lineage-committed cells could revert to stem cells,
when LGR5+ cells were depleted, identified DLL1+ secretory
progenitors as source of new CBC cells (van Es et al., 2012). Due
to their low proliferation index, secretory progenitors are likely
to withstand insults that mainly affect dividing cells such as CBCs
and TA cells. This low division rate also explains why former
approaches to identify quiescent stem cells primarily identified
cells with secretory characteristics. For example, genetic labeling
of long-lived intestinal cells with low turnover with an elegant
split-Cre-system revealed a reserve stem cell population that
gave rise to the secretory lineage under homeostasis but could
revert to CBC cells upon damage (Buczacki et al., 2013). It
is more than likely that both Dll1-lineage tracing and label
retention experiments revealed the same cell population of
secretory progenitors. Thus, the concept of plasticity reconciles
reports of a quiescent +4 stem cell populations with the CBC
stem cell model. However, plasticity is not limited to secretory
progenitors. Multiple studies attributed the ability to acquire
stem-cell like features to Paneth cells when CBCs were lost (Yu
et al., 2018; Jones et al., 2019). Genetic labeling of Paneth cells
and subsequent irradiation-induced stem cell depletion revealed
lineage tracing of Paneth cells, suggesting that they are able to
de-differentiate. This was further supported by their ability to
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form organoids and by analysis of their transcriptional status,
which revealed stem cell-like expression profiles (Yu et al., 2018;
Jones et al., 2019).

Likewise, Tuft cells marked by DCLK1 expression can
contribute to recovery of intestinal injury. Upon loss of APC,
Tuft cells can also initiate the formation of adenocarcinomas
in a DSS-colitis model (Westphalen et al., 2014). Additional
de-differentiation capability has been attributed to EECs.
Bmi1 and Prox1 based tracing of the early EEC lineage
by Yan et al. (2017) showed extensive conversion to
stem cell fate upon tissue damage. The ability of lineage-
committed cell populations to de-differentiate is not limited
to secretory cells, as it extends even to the upper crypt,
where enterocyte progenitors are located. TA cells, which
generate mature enterocytes, are marked by the expression
of alkaline phosphatase (ALPI) and were also capable of de-
differentiation upon targeted ablation of LGR5+ stem cells
(Tetteh et al., 2016).

Although de-differentiation of multiple committed cell types
in the intestine has been demonstrated, the exact mechanism
and order of events during the de-differentiation process is
unclear. Profiling of the epigenetic status of LGR5+ cells and
their progeny, revealed that there were no significant differences
between them at the level of DNA methylation and histones (Kim
et al., 2014; Jadhav et al., 2017). This lack of epigenetic changes
during differentiation certainly facilitates the observed plasticity
in the intestinal epithelium. However, we still lack mechanistic
insight into the de-differentiation process and the instructive role
of specific niche components. ASCL2 has been recently identified
as requirement for successful recovery of the intestine after lethal
damage to CBCs. In fact, ASCL2 expression was found to be
specifically induced in intestinal epithelial cells, before they fell
back into the stem cell zone and acquired LGR5 expression.
Single-cell RNA-seq revealed that ASCL2+ cells lacked expression
of Clusterin, a marker of the recently described population
of revival stem cells that were activated when the intestine
was damaged by irradiation (Ayyaz et al., 2019), but expressed
markers of EE and goblet cells. This suggested that these cells
represented a transition state between mature cell and stem
cell. Molecular analysis revealed IL-11RA as a direct target of
ASCL2 and its upregulation in ASCL2+ regenerating crypt cells.
Indeed, supplementation of IL-11 in organoid cultures of sorted
ASCL2+ cells enhanced their spheroid formation ability, which
suggests that ASCL2+ cells depended on the IL-11 signaling
axis for proliferation in order to facilitate the regeneration of
the damaged intestine (Murata et al., 2020). Further studies
will have to investigate the full extent of signals and pathways
that induce these de-differentiation events. To this end, further
characterization of the stem cell microenvironment during a
de-differentiation stimulus would be of particular importance,
to define essential regulators of the process and delineate how
controlled plasticity could be utilized for regenerative medicine.
Likewise, new lineage-tracing technologies will be necessary
to study the quantitative contributions to de-differentiation of
each cell type and to establish where the limits of plasticity
lie. Interestingly, several new approaches have been recently

developed that greatly increase the capabilities of classic lineage
tracing experiments.

Looking Beyond the Field – Upcoming
Methods for Studying Lineage,
Differentiation, and Plasticity
Plasticity, differentiation, and particularly de-differentiation
events have been predominantly studied in vivo with classic Cre-
lox based lineage tracing. In these experiments a fluorophore
or lacZ is activated in a population of interest and the same
label is inherited by all offspring. Although several improvement
to the system have been made [e.g., Brainbow/Confetti system
to distinguish up to 100 individual clones (Livet et al., 2007;
Cai et al., 2013)] the general experimental setup and readouts
(primarily imaging) have remained the same. Recently, the
increased accessibility of sequencing technology and genome
editing have created powerful alternatives to the classic lineage
tracing experiment. In the following paragraph we look beyond
the field of gastrointestinal biology and identify upcoming
technologies that could deepen our understanding of lineage and
plasticity in the gut.

DNA or RNA barcoding strategies can easily overcome
the limited number of labels that can be distinguished
in fluorescence-based clonal identification. Whereas the first
techniques to adopt barcoding still relied on Cre recombinases
[e.g., Polylox and PolyloxExpress (Pei et al., 2017; Pei et al.,
2020)] the field is predominantly switching to Cas9-based
barcoding. The main reason for the switch lies in the difference
of modification kinetics, with the Cre recombinase acting too
fast to allow for progressively evolving labels that can later be
used to reconstruct the order of events. CRISPR-Cas9 techniques,
on the other hand, can utilize differing affinities of individual
sites to tune modification speed and thus prolong the timeframe
of lineage recording. Directed to a specific genomic locus by
a guide RNA Cas9 nuclease generates a double strand break
(DSB), which can lead to small insertions or deletions (indels).
The continuous increase in indels across 10 or 100 s of potential
targeting sites can then be used to establish the clonal history
of each cell after the genomic regions containing the barcodes
have been sequenced (McKenna et al., 2016; Alemany et al., 2018;
Kalhor et al., 2018; Spanjaard et al., 2018). However, since a
gRNA will no longer bind its target site once it is mutated, the
number of scars that can be induced and thus the timeframe
of recording and the complexity of the clonal information is
inherently limited. To overcome this limitation, Church and
colleagues developed mSCRIBE. By engineering a guide RNA
that targeted its own spacer sequence, it was possible to perform
multiple rounds of scarring over a longer period (Kalhor et al.,
2017). Furthermore, alternative strategies have been developed
to combine CRISPR-Cas9 scarring with additional readouts. On
the one hand, MEMOIR used multiple transgenes that could be
visualized with seqFISH (a high-throughput smFISH technique),
adding a spatial dimension to the technique (Frieda et al., 2017).
On the other hand, several techniques integrated a CRISPR-
Cas9 strategy with RNA-seq. This brings the great advantage that

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 May 2021 | Volume 9 | Article 661931222

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-661931 May 13, 2021 Time: 15:51 # 14

Bonis et al. Intestinal Structure and Plasticity

cell state and clonal history can be established in a single step
(Alemany et al., 2018; Raj et al., 2018). However, all CRISPR-
Cas9 based lineage tracing techniques share the same limitation.
The generation of the barcoding indels causes DSBs, which are
toxic to many cells and could bias the result of an experiment
toward more resistant cell populations (see Figure 6; Baron and
van Oudenaarden, 2019; Wagner and Klein, 2020). Despite this
limitation, barcoded lineage tracing could find wide application
in intestinal biology. Clonal dynamics during neutral competition
could be explored in thousands of clones in parallel. Combination
with single cell sequencing could detect the existence of lineage
bias in particular stem cell clones and the molecular mechanisms
behind it. Finally, de-differentiation could be studied to quantify
the individual contributions of each cell type in the process.
However, particularly the last application needs an additional
step in technology, since cell state and not only barcodes will
need to be written into DNA at the beginning of the tracing.
Interestingly, CRISPR has great potential not only as a gene
editing tool, but also as a molecular recorder. Recently, Platt and
his team made use of the system’s capacity to acquire RNA and
integrate it into a CRISPR array in a sequential manner. This
approach makes it possible to sample a cell’s RNA pool upon
activation and store the information genetically (Tanna et al.,
2020). Current applications of the method are still limited to
bacteria and the obtained information is very sparse, but this
promising technology could pave (upon further development)
the way to internal recording of the transcriptional states of
mammalian cells (Schmidt et al., 2018).

All so far mentioned tools necessitate genetic modification of
the traced organism. Therefore, they are suitable to study model
systems but not humans. In order to study lineage tracing without
genetic interventions, the continuous accumulation of somatic
mutations in each cell can be utilized. Either single nucleotide
variants (SNPs) or microsatellite mutations, which are mostly
functionally neutral, can be followed (Behjati et al., 2014). For
example, microsatellites have previously been used to recapitulate
the clonal evolution during the development of colonic crypts
(Reizel et al., 2011). However, both SNPs and microsatellites
are rare and scattered across the genome. Therefore, genome-
wide sequencing approaches are necessary, which are expensive
and still difficult to apply on single cell level (see Figure 6).
Overall, in the gastro-intestinal system these methods may prove
useful to validate the vast body of knowledge on clonal dynamics
and plasticity that has been primarily generated in the mouse.
Although several studies followed fixation and expansion of
individual mutations in human colon (Nicholson et al., 2018;
Baker et al., 2019), a comprehensive study of these dynamics
in human subjects is still missing. Changes in clonal dynamics
are particularly important in the field of intestinal cancer, where
mutated cells first outcompete healthy stem cells in their own
crypt before expanding laterally by crypt-fission, long before
additional mutations will cause an overt malignancy. Next
generation lineage-tracing approaches have the ability to follow
the expansion of thousands of mutated subclones in parallel. This
will enable researchers to determine the true extent of clonal
variance in the intestinal epithelium and to study the nature of
the competitive advantage of individual clonal populations that
will eventually cause cancer.

Plasticity and Cancer: Two Sides of the
Same Coin
In a healthy crypt cells compete for limited niche signals
that are required for maintenance of stemness. The size of
the niche controls the number of stem cells and the point
of differentiation onset. It does so, via gradients of signaling
molecules that either promote stemness (e.g., WNT and EGF)
or differentiation (e.g., BMP). For cancer to occur, epithelial cells
need to develop independence from niche-derived proliferative
signals and resistance to differentiation stimuli. Vogelstein and
colleagues have proposed a model describing the adenoma-
carcinoma sequence, as well as defining the genetic alterations
that contribute to colorectal cancer progression. As one of the
first steps, constitutive activation of WNT signaling (e.g., by
loss of APC), is thought to be necessary for tumor initiation.
Progression depends on activating mutations in EGFR pathway
components, such as KRAS, and inactivating mutations in p53
and the TGF-β/BMP signaling pathway component SMAD4
(Fearon and Vogelstein, 1990; Muzny et al., 2012). It is thus
apparent that colorectal cancer depends on the abnormal
activation of signaling pathways that control stem cell identity
and maintenance. In fact, stepwise genome editing in colon
organoids demonstrated that three mutations in the main
signaling pathways of the intestinal niche (WNT, EGF, and BMP
signaling) together with loss of p53 were sufficient to transform
a healthy epithelial cell to an invasive cancer cell (Drost et al.,
2015). Whereas healthy stem cells are limited by the spatial
restrictions of the niche, cells that acquire the aforementioned
mutations achieve niche-independence. In contrast to other
cancers, colon cancer has a relatively narrow set of common
mutations. In part, this may be due to continuous competition for
niche space. Since mutations are acquired sequentially, a mutated
sub-clone needs to constantly outcompete healthy stem cells in
the course of its repeated mutagenesis. This means, that only
mutations that provide an increased proliferative fitness [such as
KRAS (Muzny et al., 2012)] are permissive. Any mutation that
reduces proliferative fitness, e.g., by prolonging the metaphase
or reducing productive cell division will be quickly lost from the
crypt. Once an epithelial cell has acquired niche independence,
its offspring can outgrow normal tissue limits and form a
tumor. However, even in a tumor, cells differ in proliferative
capacity and differentiation status (de S. e Melo et al., 2017;
Lenos et al., 2018). From these differences arose the concept
of Cancer Stem Cells (CSCs). Indeed, lineage tracing studies
revealed that LGR5+ cells were capable of tumor initiation and
gave rise to all tumor cells (Schepers et al., 2012). However,
genetic ablation of LGR5+ cells in mouse intestinal tumor
organoids (tumoroids) by the administration of DT restricted
primary tumor growth but did not result in tumor regression.
Moreover, once DT was withdrawn, LGR5+ cells reappeared
immediately. Similarly, LGR5+ cell depletion in human intestinal
tumoroids, by insertion of an inducible Caspase-9 construct
into the Lgr5 locus caused regression. However, when the
chemical agent that induced caspase activation was no longer
administered, LGR5+ cells re-appeared. The authors elucidated
that differentiated tumor cells characterized by expression of
KRT20, could revert to LGR5+ cells, to fuel tumor growth
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FIGURE 6 | Comparison of the main technologies available to perform lineage tracing.

(Shimokawa et al., 2017). This suggested, that similarly to the
normal tissue, tumor growth was driven by cells in a stem cell
state. However, the same plasticity that enabled healthy tissue
to recover from catastrophic stem cell loss, also enabled more
differentiated tumor cells to re-acquire stem cell characteristics
(de S. e Melo et al., 2017). Recent studies have shed more
light onto components of the normal tissue stem cell niche that
enable plasticity (Murata et al., 2020). The mechanisms that
enable plasticity in a tumor are far less understood. Lenos et al.
(2018) have shown that the CSC phenotype was adopted by
cells located at the tumor edge, near cancer associated fibroblasts
(CAFs). Although CSC markers were expressed throughout the
tumor, only CSCs at the tumor edges displayed clonogenicity.
However, re-transplantation of CSCs obtained from the center
of xenografted tumors indicated that these cells could also
effectively drive tumor growth, suggesting that functionality of
CSCs was regulated by microenvironmentally derived signals and
that tumor cell position was of particular importance for clonal
expansion. CAFs produce Osteopontin (OPN), which enhanced
in vivo proliferation of CSCs located in the outer part of the
tumor, where OPN concentrations were higher. Overexpression
of OPN in tumor cells that were transplanted, accelerated tumor
growth compared to respective controls and was sufficient to
drive clonogenic growth of tumors independently of CAFs
(Lenos et al., 2018). Besides tumor growth, CAF-derived signals
have also been implicated in cancer initiation. A fibroblast
subpopulation located near the crypts, in close proximity to
the stem cell zone, produces PGE2. PGE2 binds to its receptor
PTGER4, expressed in stem cells of the crypt, which leads to
de-phosphorylation of YAP and activation of YAP target genes
(Roulis et al., 2020). Active YAP signaling drives the expansion
of a stem cell population characterized by the expression of
SCA-1 also termed reserve stem cells (Roulis et al., 2020).
This signaling network was shown to be involved in tumor
formation, as genetic ablation of Ptgs2, which catalyzes the
conversion of Arachidonic Acid to Prostaglandins, in fibroblasts
or genetic ablation of Ptger4 in intestinal epithelial cells led
to the formation of significantly fewer tumors in a mouse
model of colorectal cancer. Interestingly, the growth of already
established tumors was not affected, as tumor volumes did
not differ from the respective controls, which suggested that

this fibroblast-derived tumorigenic signal was necessary for
tumor initiation but not for tumor growth (Roulis et al., 2020).
These studies provided evidence that the microenvironment
has a crucial role in regulating stem cell states during normal
homeostasis and carcinogenesis. Tumor initiation does not rely
solely on cell-intrinsic properties (e.g., mutations), but also
requires a finely orchestrated environment. Interactions within
this tumor microenvironment remain poorly elucidated. This
creates a need for elegant tools that enable their comprehensive
characterization on single cell level. Understanding the plasticity
promoting mechanisms at the interface between tumor and
normal tissue may open new therapeutic avenues to prevent
cancer progression.

In this context, organoids are a promising in vitro system
that enables researchers to study and compare normal tissue
regeneration and cancer development. Several studies have
shown that cancer organoids (or tumoroids) share the same
clonal heterogeneity, the same resistances and the same
vulnerabilities as their tumor of origin (Vlachogiannis et al., 2018;
Boretto et al., 2019; Yao et al., 2020). Additionally, organoids can
model the same plasticity that is observed in tumors. de S. e
Melo et al. (2017) used mouse intestinal cancer-derived organoids
as a model to demonstrate how tumor cells compensate for
the loss of CSCs by de-differentiation of non-CSC populations.
In addition, Fumagalli et al. (2020) used LGR5-reporter cancer
organoids to prove that the majority of metastases are formed
by LGR5- (non-CSC) tumor cells that acquire LGR5+ (CSC)
identity upon engraftment at the metastatic site. The switch
from non-CSC to CSC state was indeed necessary for efficient
metastatic outgrowth. Beyond the mechanistic exploration of
cancer biology, organoid tumor models can also be used in the
context of personalized cancer medicine. In fact, several studies
have shown that the organoid response in vitro is predictive for
the patient response (Vlachogiannis et al., 2018; Boretto et al.,
2019; Yao et al., 2020). Thanks to the expandability of tumoroid
cultures, even a small biopsy generates sufficient tumoroid tissue
for functional assays like drug screening. Alternatively, the
ability to grow individual tumor subclones can be utilized to
study tumor heterogeneity on a functional level. When Roerink
et al. (2018) established around 60 clonal tumoroid lines from
three colon carcinomas they found functional differences in
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drug responses that would not have been predictable, based
on epigenetic, genomic, and transcriptomic data alone. This
study emphasized the need for functional experiments to tailor
treatment to individual patients. However, the application of
organoids for personalized cancer medicine still faces significant
challenges. Although, tumoroids can be expanded in culture, the
time from biopsy to assay remains in a range of 2–3 months
due to the required amount of tissue (see Figure 4). Therefore,
significant technological improvements will be necessary to
make tumoroid based personalized medicine compatible with
the necessary swiftness of therapeutic decisions. In the future,
in vitro drug screening assay may also need to account for
plasticity in tumor cells, since drug susceptibilities inherently
change when cells transition from CSC to non-CSC states. An
increased understanding of the environments that induce these
changes in cell identity and how to model them in vitro could
therefore further improve our ability to correctly predict disease
outcome in intestinal cancer.

DISCUSSION

The growing number of techniques to study cellular relations
in space and time have already transformed our understanding
of tissue function in health and disease. Combined lineage-
tracing, single-cell and organoid experiments have revealed
surprising plasticity in the intestine. During health and disease,
intestinal epithelial cells undergo de- and trans-differentiation
that is integral to tissue function. The process creates zonation,
allows for metabolic adaptation and spatially separates intestinal
processes. Likewise, it gives the intestine surprising resistance
against toxic, inflammatory, or irradiation insults. Cellular
plasticity and particularly de-differentiation is not limited to the
intestine. A growing number of reports finds de-differentiation
events in a wide range of epithelial tissues (Freedman et al.,
2013; Pan et al., 2013; Stange et al., 2013; Tata et al., 2013;
Raven et al., 2017). This suggest that cellular plasticity plays
a much larger role in adult mammalian organisms than
currently appreciated. Technological improvements in single-
cell methodology and upcoming lineage tracing methods will be
crucial for gaging the true extent of functional and regenerative
flexibility in mature tissues.

Plasticity complicates traditional models of stemness,
maturity, and cell types. Already now, the classic, hierarchical
differentiation tree of discrete, binary decisions seems
incompatible with biological reality. Instead, a dynamic model
emerges, where cells re-evaluate their identity continuously as
a function of extrinsic pushes toward and intrinsic resistance
against fate change. Resistance to fate change is a product
of past environmental inputs that resulted in long-lasting
cellular changes (e.g., epigenetic modification). With increasing
epigenetic distance between two cell states the transition
resistance grows, but can still be overcome by a strong enough
trans-differentiation or de-differentiation signal. In the intestine
the extent of epigenetic changes in the course of differentiation
is surprisingly small, which certainly contributes to the high
levels of intestinal plasticity (Kim et al., 2014; Jadhav et al.,
2017). This low fate-change resistance is coupled with highly

instructive signaling zones along the crypt-villus axis. One of
the most potent ones, the stem cell niche, can overcome the
de-differentiation resistance of differentiated progenitors (van
Es et al., 2012; Tetteh et al., 2016) and most likely even mature
cells (Westphalen et al., 2014; Yan et al., 2017; Yu et al., 2018;
Jones et al., 2019). Continuous, overlapping signaling gradients
that stretch along the crypt-villus axis give each height increment
a unique signaling environment. These environments instruct
changes in the cells that move through them, which generates
the diversity of the intestinal epithelium. Cell identity is thus not
discrete but a wide spectrum of states with differing function.
Enterocytes, enteroendocrine cells, goblet cells and most likely
other cell types traverse through these identity spectra in the
course of their lives. This allows the intestinal epithelium
to retain static functional zonation despite the continuous
movement of the epithelial cell sheet.

Although plasticity in the intestine has been convincingly
demonstrated several important questions remain to be
answered: Which epithelial and mesenchymal signals and cell
populations shape the diversity along the crypt-villus axis?
Which environmental signals induce and limit de-differentiation
of mature cells? Do de-differentiated cells retain features of their
former state and does this memory cause lineage bias? How can
plasticity be utilized to enhance tissue regeneration? And how
can plasticity in cancer be prevented to limit therapy escape?
Spatially and temporally resolved reporter systems, spatial
transcriptomics and advanced Cas9-based lineage tracing tools
will be crucial in answering these questions. However, the vast
amount of data that these tools can produce have to be validated
and translated into mechanistic understanding. This is why, the
transition from descriptive to functional exploration of niche
environments is equally important. In this regard, organoids
are a very powerful tool that is ideally suited to complement
single-cell-resolved in vivo experiments. Their capacity to
replicate the microarchitecture, functionality, and cellular
diversity makes them ideal to study tissue self-organization and
microenvironments. Mapping the dynamic changes in these
microenvironments will enable us to understand the general and
tissue specific principles of regeneration and tumor progression.
Thus, we may be able to replenish the regenerative capacity of
stem cells or prevent malignant cells from escaping the limits of
homeostasis, not by directly targeting them, but by reshaping
their environments.
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Despite decades of research, the complex processes of embryonic development are
not fully understood. The study of mammalian development poses particular challenges
such as low numbers of embryos, difficulties in culturing embryos in vitro, and the time
to generate mutant lines. With new approaches we can now address questions that
had to remain unanswered in the past. One big contribution to studying the molecular
mechanisms of development are two- and three-dimensional in vitro model systems
derived from pluripotent stem cells. These models, such as blastoids, gastruloids,
and organoids, enable high-throughput screens and straightforward gene editing for
functional testing without the need to generate mutant model organisms. Furthermore,
their use reduces the number of animals needed for research and allows the study of
human development. Here, we outline and discuss recent advances in such in vitro
model systems to investigate pre-implantation and post-implantation development.

Keywords: embryonic development, in vitro model system, stem-cell-based embryo-like models, pluripotent
stem cells, blastoids, gastruloids, organoids

INTRODUCTION

Embryonic development describes the establishment of the body plan and all organs within
an organism. Precise control of numerous processes, such as proliferation, differentiation, and
morphogenesis, in specific stages of development is crucial for proper self-organization of
the embryo. Many of these processes have been investigated using actual embryos as model
systems. However, mammalian development is difficult to explore in vivo due to the intra-uterine
development; therefore, ex vivo culture methods have been developed. Even though these culture
methods allow the investigation of embryonic development, culturing mammalian embryos ex vivo
poses various limitations: First, mammals produce low numbers of embryos, impeding high-
throughput screens. Second, generating genetically modified mammals is time-consuming and has
low throughput. Third, culturing whole mammalian embryos ex vivo is not possible for all stages
comparably (Nowotschin et al., 2019a; Aguilera-Castrejon et al., 2021). Furthermore, investigation
of human development beyond 14 days is currently restricted due to ethical reasons (Rivron et al.,
2018a; Hyun et al., 2021). Therefore, in vitro stem-cell-based models of development can help to
overcome these limitations.

Embryonic Development
Once oocyte and sperm fuse, the pre-implantation phase begins. Cells of the embryo divide until
the 16-cell stage via cell cleavages [mouse embryonic day (E)3.0, human E4.0]. The first lineage
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segregations will result in the formation of a spherical structure
with a central lumen, called the blastocyst (mouse E3.5, human
E5.0). The outer layer of blastocysts consists of trophoblast
cells, which will form extraembryonic tissue. The inner cell
mass (ICM) of blastocysts will differentiate into epiblast (EPI)
and primitive endoderm (PE) (mouse E4.5 and human E6.0),
giving rise to the embryo and extraembryonic parietal and
visceral endoderm, respectively. The latter will eventually form
the yolk sac and embryonic endoderm. These mark some of the
first critical differentiation processes occurring in embryogenesis
(Rossant and Tam, 2009).

After the blastocyst has implanted into the uterus (mouse E5.0,
human E9.0), epiblast cells give rise to the three germ layers:
endoderm, mesoderm, and ectoderm, as well as primordial germ
cells (PGCs). This process is known as gastrulation (mouse E6.5,
human E17.0), referring to the observed invagination (Lim and
Thiery, 2012). Gastrulation is followed by organogenesis (mouse
E8.0, human E20.0), in which each germ layer will develop further
into multiple tissue types. For instance, neural plate and neural
tube form from the ectoderm (Nikolopoulou et al., 2017), while
part of the mesoderm segments into blocks, known as somites,
which will give rise to, for instance, muscle, skeleton, and dermis
(Hubaud and Pourquie, 2014).

Pluripotent Stem Cell Models
In light of recent advances in the study of molecular mechanisms
during embryonic development using in vitro model systems
(Figure 1), we outline and discuss such cultures and their use in
developmental biology research. We particularly focus on models
using pluripotent stem cells that recapitulate pre-implantation,
peri-implantation, and post-implantation development of the
whole embryo, as well as specific developmental trajectories
toward parts of the embryo. Pluripotent stem cells can either
be derived from the epiblast as embryonic stem cells (ESCs)
(Evans and Kaufman, 1981) or they can be obtained as induced
pluripotent stem cells (iPSCs) by reprogramming somatic
cells (Takahashi and Yamanaka, 2006). Such in vitro model
systems hold the potential to open new research avenues for
the study of embryonic development and allow the study of
human development.

IN VITRO MODELS OF MAMMALIAN
EMBRYONIC DEVELOPMENT

Pre-Implantation Model Systems
To model early embryonic development, including the first
lineage segregations in vitro, blastoids have been established
(Rivron et al., 2018b; Figure 1). Mouse ESCs were aggregated
and overlaid with trophoblast stem cells (TSCs) in blastoid
media, containing cyclic adenosine monophosphate (cAMP)
and Wnt. These aggregates formed structures with blastocyst-
like morphology that contained early blastocyst lineages and
recapitulated aspects of implantation and decidua formation
when implanted in utero (Rivron et al., 2018b). Variations to this
protocol are the use of primed ESCs or extended pluripotent
stem (EPS) cells for blastoid formation (Kime et al., 2019;
Li et al., 2019; Sozen et al., 2019). Whereas primed ESCs

recapitulate an epiblast-like cell state (Kime et al., 2016), EPS
cells have been shown to contribute to both embryonic and
extraembryonic lineages (Yang et al., 2017). While blastoids
recapitulated early steps of implantation, in utero culture resulted
in malformed structures and/or resorption (Rivron et al., 2018b;
Kime et al., 2019; Li et al., 2019; Sozen et al., 2019). This could be
due to slight variations in gene expression patterns of the involved
cells (Posfai et al., 2021). Attempts to improve blastoid formation
and post-implantation development are the optimization of TSCs
prior to blastoid formation (Frias-Aldeguer et al., 2019) and
the targeted modulation of signaling pathways during blastoid
formation (Vrij et al., 2019). In future, protocols should be
refined further to reflect morphology, cell differentiation, and
epigenetic background of the blastocyst even more closely.
Recently, protocols for the generation of human blastoids have
been published (Liu et al., 2021; Yu et al., 2021). Even though
efficiency is still low, this constitutes the first step toward studying
human pre-implantation development.

Due to the high number with which blastoids can be
generated, and the possibility for genetic manipulation, blastoids
can serve as model systems to study lineage segregation,
cellular mechanics, the process of implantation, and the effect
of epigenetic abnormalities on early embryonic development.
For instance, comparing mouse blastoids to troposphere, 3D
cultures of TSCs, revealed pathways that signal between the
epiblast and the trophoblast. Specifically, embryonic signals were
identified that regulate proliferation, self-renewal, and epithelial
morphogenesis of the trophectoderm enabling implantation in
utero (Rivron et al., 2018b).

Post-Implantation Model Systems
A 3D embryonic model mimicking development and
morphology of the mouse embryo after implantation is the
ETS (ESC and TSC) embryos (Harrison et al., 2017). Aggregates
of ESCs and TSCs within an extracellular matrix form egg-shaped
structures, which undertake symmetry breaking and form both
nascent mesodermal cells and PGCs. To model development of
later stages, including the morphogenetic changes of gastrulation,
an improved 3D embryonic system has been developed. Since
derivatives of PE cells were missing in ETS embryos, ESCs
and TSCs were co-cultured with extraembryonic endoderm
(XEN) cells, which resulted in the formation of ETX (ESC,
TSC and XEN cells) embryos (Sozen et al., 2018). This model
underwent gastrulation, even in the absence of extracellular
matrix and recapitulated development until mouse E7.0, but not
beyond this stage. Therefore, ETS and ETX embryos are ideally
suited to study peri-implantation and early post-implantation
development (Figure 1).

To recapitulate later stages of post-implantation development
in vitro, researchers have focused on modeling parts of
the embryo, which were often based on cultures of ESCs.
Aggregated ESCs in differentiation-competent medium form
embryoid bodies, which contain cells of all three germ layers.
This model has, for instance, been used by ten Berge
et al. (2008) to study the effect of Wnt signaling on self-
organization and axis formation. Another structure to investigate
Wnt signaling and axis elongation has been introduced by
Marikawa et al. (2009). They showed that aggregates of mouse

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 May 2021 | Volume 9 | Article 655993231

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-655993 May 19, 2021 Time: 15:14 # 3

el Azhar and Sonnen In vitro Models of Development

FIGURE 1 | In vitro models of mammalian development. Overview of model systems of pre-implantation and post-implantation development (I) Pre-implantation
development: Blastoids model the blastocyst stage (mouse E3.5, human E5.0). (II) Peri-implantation and post-implantation development: ETX embryos model
implantation and early stages of gastrulation (mouse E6.5, human E17.0). (III) Post-implantation development: Gastruloids show axial elongation and form cell types
of the three germ layers (mouse E8, human E20.0). When embedded in Matrigel, gastruloids form segments and tubular structures resembling the posterior end of
the mouse embryo. Adding extraembryonic endoderm (XEN) cells to ESCs during the gastruloid protocol results in the formation of neural tube-like structures, which
recapitulate neural induction during development. (IV) Organogenesis (mouse E8.0, human E20.0): Developmental trajectories can be followed in vitro to generate
organoid models of for instance the intestine. ESCs, embryonic stem cells; TSCs, trophoblast stem cells; EPS, extended pluripotent stem cells; ETX, embryonic
stem cells, trophoblast stem cells, and extraembryonic endoderm cells; cAMP, cyclic adenosine monophosphate; ECCs, embryo carcinoma cells; iPSCs, induced
pluripotent stem cells.

P19 embryo carcinoma cells (ECCs) exhibited mesoderm
formation and axial elongation, which allowed the efficient study
of molecular events controlling cell fate decisions (Figure 1).
Based on such findings, gastruloids have been developed by
van den Brink et al. (2014). They found that Wnt activation
at a specific time after aggregation of ESCs induced symmetry
breaking and axial extension, resulting in the formation
of elongating structures containing cell types of all germ
layers (Figure 1). While neuromesodermal progenitors (NMPs)
formed at one pole of gastruloids (resembling the posterior
side), PGCs, cardiac, endothelial, and head mesenchymal
cells were located more anteriorly (Beccari et al., 2018).

Furthermore, gastruloids have been shown to recapitulate
the periodic segmentation of mammalian embryos, a process
called somitogenesis, including the signaling dynamics of the
segmentation clock (van den Brink et al., 2020).

Despite the presence of various cell types in gastruloids,
such as neural tube, gastrointestinal tract, or pre-somatic cells
(van den Brink et al., 2020), many processes of organogenesis
do not occur spontaneously. Embedding gastruloids in a low
percentage of extracellular matrix was found to result in a
more defined morphology (van den Brink et al., 2020). Under
these culture conditions, gastruloids elongated and formed
physical segments resembling somites and occasionally tubular
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structures (Figure 1). Optimized culture conditions resulted in
the development of a central neural tube with bilateral formation
of somite-like assemblies and gut-like structures (Veenvliet
et al., 2020). These gastruloids, remarkably similar in shape and
organization to the posterior end of embryos, are referred to as
trunk-like structures (Figure 1). To compensate for the absence
of extraembryonic tissue in gastruloids, Bérenger-Currias et al.
(2020) modified the gastruloid protocol by aggregating both
mESCs and XEN cells. These aggregates induced neural tube-like
structures that have a neural progenitor-like transcriptome and
were shown to recapitulate neural tube development (Figure 1).

Moreover, models of human gastrulation have recently been
developed. Simunovic et al. (2019) used human ESCs to model
epiblast structures that break symmetry. Zheng et al. (2019)
cultured human ESC and iPSC on extracellular material to model
epiblast and amniotic ectoderm. These structures contained
PGCs and primitive streak cells. Additionally, a protocol for the
generation of human gastruloids has been published (Moris et al.,
2020). Human gastruloids are elongating structures resembling
aspects of Carnegie stage nine human embryos. Even though
human gastruloids recapitulate later stages of post-implantation
development, using this model does not raise ethical concerns of
human embryo models, since anterior neural lineages were not
present in these structures.

Post-implantation model systems have been used in several
studies to dissect the mechanism of embryonic development.
They are powerful models not only due to their close resemblance
to the gastrulating embryo, but also because they can be
used for high-throughput screens (van den Brink et al., 2020).
Researchers have already utilized them to investigate signaling,
cell fate decisions, self-organization, and stem cell niches in the
gastrulating embryo (Turner et al., 2017; Martyn et al., 2019;
Sagy et al., 2019).

RECAPITULATING SELECTED
DEVELOPMENTAL TRAJECTORIES
IN VITRO

Over the last decades, researchers have made use of emerging
knowledge on developmental trajectories from pluripotent
stem cells toward certain cell lineages to guide in vitro
differentiation along these trajectories. Cell differentiation can
be induced in adherent 2D cultures to generate uniform cell
populations. Akin to 3D structures derived from adult stem
cells, known as organoids, pluripotent cells can be transferred
to a 3D matrix during the differentiation process to allow
self-organization of more complex structures (Eiraku et al.,
2011). Recently, several protocols have been established applying
this strategy to models developing organs in vitro (Figure 1).
The established in vitro models of organ development will
allow high-throughput screens and straightforward external
perturbation for functional analysis. Here, we focus on in vitro
model systems of the developing heart, gastrointestinal tract,
and neural tube as examples of mesodermal, endodermal, and
ectodermal derivatives.

In vitro Models of Heart Development
One of the first organs to form during embryogenesis is the
heart, which originates from the lateral plate mesoderm. First,
endocardial tubes merge to form the primitive heart tube.
This then folds into shape and undergoes partitioning into
four chambers (Haack and Abdelilah-Seyfried, 2016). To study
cardiac biology and regeneration, cardiac organoid models have
been established (Voges et al., 2017). A protocol has been
developed in which the resulting organoids resemble mouse fetal
hearts (Lee et al., 2020). In this protocol, mouse ESCs were
aggregated in the presence of laminin and fibroblast growth
factor (FGF) 4, which preceded incubation with a Wnt activator,
bone morphogenetic factor (BMP) 4, and leukemia inhibitory
factor. After 10 days, beating heart organoids containing cardiac
chambers were observed. Another protocol for the generation of
human fetal heart models consists of the aggregation of ESCs
or iPSCs, which are exposed to two consecutive pulses of Wnt
activation (Israeli et al., 2020). The resulting structures obtained
fetal heart fate, mimicked heart development, and displayed
chamber formation and vascularization. Although the presence
of essential cell types was confirmed, the functionality of the
vascularization still has to be analyzed in future studies.

Even though cardiac cells have been detected in various
ESC-derived embryo-like models, such as embryoid bodies and
gastruloids, cardiac morphology has been unreproducible in
these model systems. Recently, gastruloids have been induced
to form heart-like structures. Rossi et al. (2021) have modified
the gastruloid protocol by adding cardiogenic factors, like
basic FGF (bFGF), ascorbic acid, and vascular endothelial
growth factor, to the culture medium after 4 days of culture.
The resulting cardiac-like structures showed rhythmic calcium
spiking, embryo-like beating rates, gene expression as seen in
cardiac development, vascular-like compartment, and first and
second heart field development. How multi-axial patterning
and tissue communication, as seen in the embryo, impact
morphogenetic processes of heart development has to be
investigated in the future.

In vitro Models of Gastrointestinal
Development
The gastrointestinal tract is derived from the endoderm, which
first differentiates into the primitive gut. The primitive gut
patterns into the foregut, midgut, and hindgut. These will
then give rise to multiple organs of the gastrointestinal tract.
The stomach, liver, and pancreas are formed from the foregut,
whereas the appendix, colon, and rectum develop from the
midgut and hindgut (Nowotschin et al., 2019b). In vitro, iPSCs
can be guided along this differentiation trajectory to induce
the generation of intestinal tissue, which form organoids when
placed into extracellular matrix (Spence et al., 2011). Recently,
a model has been introduced in which hepato-biliary-pancreatic
(HBP) organ domains formed by co-culturing anterior and
posterior gut spheroids (Koike et al., 2019). While FGF4 and
Wnt promoted posterior gut fate in human pluripotent stem
cells (hPSCs), BMP inhibition induced anterior gut fate. The
two aggregates were then fused and embedded in Matrigel.
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Immunofluorescence staining and gene expression analysis
confirmed multi-endoderm domains and HBP progenitor fate
in this model system. Later stage processes, such as liver
budding, has not been observed but might be induced by
adding stromal cell components in the future. This is an
example of how development can be guided in vitro along the
in vivo developmental trajectories to form specific parts of the
gastrointestinal tract (Wells and Spence, 2014).

In vitro Models of Neural Tube
Development
The neural plate develops from the ectoderm and folds into
the neural tube, which gives rise to the nervous system
(Nikolopoulou et al., 2017). The posterior neural tube elongates
further by the differentiation of NMPs (Tzouanacou et al., 2009).
Several models of neural tube formation and extension have been
developed, of which some recapitulate anterior neurogenesis and

others posterior neurogenesis (Figure 2). When aggregates of
hPSCs are induced to differentiate to neural tissue and then
embedded in a 3D matrix, cerebral organoids form over the
course of weeks (Eiraku et al., 2008). These recapitulate cerebral
cortex development and have for instance been used to study
the pathophysiology of microcephaly (Lancaster et al., 2013;
Figure 2B). Furthermore, transient formation of the neural tube
during development has been modeled by generating neural
tube organoids (NTOs). When mESC were embedded in an
extracellular matrix in a differentiation-permissive medium, they
formed neural cysts expressing anterior neural tube markers
(Meinhardt et al., 2014; Ranga et al., 2016). Anteroposterior and
dorsoventral identity could be modulated by the activation of
retinoic acid or sonic hedgehog signaling (Ranga et al., 2016). In
addition, morphogenetic changes inducing neural tube closure
were mimicked in vitro, which improved neural differentiation
and patterning of NTOs derived from hPSCs (Fattah et al., 2020;
Figure 2).

FIGURE 2 | In vitro models of neural tube development. (A) In vitro stem-cell-based models reflecting different stages of neural tube development have been
established: (I) Cerebral organoids recapitulate the cortex and choroid plexus of the brain. (II) Neural tube organoids (NTOs) have been used to examine the role of
mechanistic forces on floor plate induction and patterning. (III) Neuromuscular organoids (NMOs) recapitulate thoracic/lumbar neural tube development. In the first
5 days, a segregation between neuroectoderm and mesoderm region occurs. At day 20, motor neurons (MNs) and myoblasts were present. (IV) mESC-XEN
aggregates consist of stratified neural epithelia and were shown to follow in vivo mouse development. (V) Trunk-like structures (TLS) recapitulate neural tube
development and form neural tube-like structures that consist of dorsal and ventral neural subtypes. (B) Representative image of cerebral organoids showing
immunostaining for FOXG1 to visualize differentiation toward forebrain identity (scale bar 500 µm) [reprinted from Renner et al. (2017), with permission from John
Wiley and Sons]. (C) Representative image of neuromuscular organoids [reprinted from Faustino Martins et al. (2020), with permission from Elsevier].
(D) Representative image of trunk-like structures expressing markers for mesodermal (purple) and neural (green) tissue (scale bar 100 µm) [reprinted from Veenvliet
et al. (2020), with permission from AAAS.).
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Transient activation of Wnt signaling during neural
differentiation can induce the formation of posterior neural
tube structures (Metzis et al., 2018). A model recapitulating
spinal cord development with connected muscle tissue has
been introduced, termed neuromuscular organoids (NMOs)
(Faustino Martins et al., 2020; Figure 2C). For this model, hiPSCs
were differentiated into NMPs. These were then aggregated in
media containing bFGF, hepatocyte growth factor, and insulin-
like growth factor. Transcriptomics revealed that day 5 NMOs
resembled NMPs in developing embryos. By day 50, NMOs had
matured into structures containing both spinal cord neurons and
skeletal muscle, resembling functional neuromuscular junctions.
While NMO formation encompassed the aggregation of NMPs,
the growing NMOs did not resemble the morphology of the
developing neural tube. Gastruloids and similar structures
(see above) are therefore important models of posterior
neural tube development (Figure 2D). As discussed above,
gastruloids form neural tube-like structures when embedded
in Matrigel or surrounded by a layer of extraembryonic cells
(Bérenger-Currias et al., 2020; van den Brink et al., 2020;
Veenvliet et al., 2020).

RECAPITULATING SELECTED
DEVELOPMENTAL TRAJECTORIES
IN VITRO

Thus, protocols have been developed to recapitulate
cardiogenesis, gastrointestinal tract formation, and neural
tube development. Even though these models are successful
in mimicking parts of the development of specific organs,
they do not resemble the entire organ or embryo consisting
of multiple organs. More recent attempts to co-culture
different organoids aim at addressing this by bringing multiple
“organs” together (Koike et al., 2019). In addition, embryo-
like model systems resembling gastrulating embryos can be
directed toward specific trajectories and allow organogenesis
within a multi-tissue and multi-organ context (Bérenger-
Currias et al., 2020; Rossi et al., 2021). While such models
have to be optimized and developed further, they will be of
great benefit for the investigation of organogenesis during
embryonic development.

DISCUSSION

Over the last decade, embryo-like model systems have
been established recapitulating various steps of embryonic
development. Blastoids enable the investigation of the first steps
of compartmentalization, lineage segregation, and implantation.
To study the latter, we need to develop and optimize in vitro
implantation systems for both embryos and embryo-like
structures further. ETX embryos, gastruloids, and other post-
implantation models allow the study of gastrulation mechanisms,
cellular dynamics, and signaling pathways coordinating the
process of self-organization. In vitro models of organogenesis,
such as cardiac organoids, hepato-biliary-pancreatic organoids,
and neural tube organoids mimic aspects of the in vivo
counterpart. In vitro models enable not only the study of
embryonic development but also prenatal defects and the
intrinsic regeneration potential of tissues. Once in vitro model
systems are generated reproducibly in high numbers, they
allow for high-throughput screens to develop stem cell or drug
therapies. In addition, the investigation of human embryonic
development in mechanistic detail will be possible. Despite these
exciting advances and possibilities, it has to be stressed that the
in vivo embryo will ultimately be the reference for these studies.
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Organoids have emerged as powerful model systems to study organ development and
regeneration at the cellular level. Recently developed microscopy techniques that track
individual cells through space and time hold great promise to elucidate the organizational
principles of organs and organoids. Applied extensively in the past decade to embryo
development and 2D cell cultures, cell tracking can reveal the cellular lineage trees,
proliferation rates, and their spatial distributions, while fluorescent markers indicate
differentiation events and other cellular processes. Here, we review a number of recent
studies that exemplify the power of this approach, and illustrate its potential to organoid
research. We will discuss promising future routes, and the key technical challenges that
need to be overcome to apply cell tracking techniques to organoid biology.

Keywords: organoids, cell tracking, lineages, fluorescent markers, cellular dynamics

INTRODUCTION

While the development and maintenance of organs is one of the most fundamental problems
in biology, our understanding of it is far from complete. A hallmark of this process is the
differentiation of cells in time, in terms of proliferative potential and cell type, with individual cells
giving rise to complex lineages that organize in space to shape tissues and organs. Thus far, these
differentiation dynamics have often been studied using the lineage tracing method (Baron and van
Oudenaarden, 2019; McKenna and Gagnon, 2019; Wagner and Klein, 2020). Here, cells are labeled
with a heritable marker such as fluorescent genes or a genetic barcode, for instance using Cre-Lox
recombination (Snippert et al., 2010; Pei et al., 2017) or lentiviral transduction (Weber et al., 2011;
Mohme et al., 2017; Weinreb et al., 2020). This label can be detected in progeny after a certain period
by fluorescence microscopy or single-cell sequencing, and hence, allows inference of genealogical
relations between cells.

However, lineage tracing does not yield complete lineage trees nor provide information on
the temporal dynamics of cells, such as their movements, growth rates, transient signaling, and
timing of differentiation events (Figure 1), which limits progress on many important questions.
For instance, it remains largely unclear when and where cell fates are actually set, whether
differentiation is either a consequence or a cause of spatial organization, how size and shape
homeostasis is achieved, or how lineage dynamics are remodeled upon injury or disease. We also
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know little about the possible interplay with cellular metabolism,
and the plethora of molecular signals from adjacent cells,
for instance from the immune system. Elucidating the spatio-
temporal dynamics is central to resolve these crucial issues and
to elucidate the organizational principles of organ development
(Mayr et al., 2019).

A different technique, here referred to as cell tracking has the
potential to reveal these developmental dynamics. As opposed to
lineage tracing based on static snapshots, cells are here followed
in real time over multiple generations, which can thus provide
temporal dynamics, complete lineage trees, as well as spatial
organization and cellular movements. Furthermore, cell tracking
can readily be combined with the large spectrum of microscopy
techniques that have been developed to study cell biology.
For instance, the expression of fluorescent proteins directly
identify differentiation events, cell-cycle progression, cytoskeletal
structures, the dynamics of key molecular signals like Wnt or
Notch, while FRET sensors may detect more rapidly changing
signals such as calcium and metabolites (Lindenburg and Merkx,
2014; Artegiani et al., 2020; van de Moosdijk et al., 2020).

Cell tracking has been applied extensively to study the early
development of embryos, at increasing levels of sophistication
(Sulston et al., 1983; Ulman et al., 2017; Pennisi, 2018), but
poses challenges to the study of organs, given the challenges
of time-lapse microscopy deep within tissues at later stages
of development, even as intra-vital imaging is possible at
lower resolution and throughput (Ritsma et al., 2014). Yet,
in recent years organoids have emerged as a model system
for studying development and disease at the cellular level,
including patient derived systems, which are ideally suited for
this approach. Organoids are self-organizing cellular assemblies,
which are grown in vitro and recapitulate organ structure and
functionality to a striking degree (Clevers, 2016; Sidhaye and
Knoblich, 2021). Due to their in vitro nature, the growth and
maintenance of organoid tissue can be observed directly by time-
lapse microscopy (Rios and Clevers, 2018). Yet, cell tracking
approaches have only scarcely been applied to organoids thus far.

The aim of this review is to discuss the potential of cell
tracking approaches for organoid science, as well as its technical
challenges. We will do so by focusing on developmental systems
ranging from 2D cell cultures to developing embryos, which have
been studied extensively by cell tracking methods, and illustrate
the scientific questions that it can uniquely address.

AUTOMATED CELL TRACKING

Automated tracking of individual cells in time has become
a powerful approach to study cellular dynamics in cell lines
and embryos (Svensson et al., 2018). Pioneering examples
include tracking of embryos of Caenorhabditis elegans, fruit
flies, zebrafish, and mice (Bao et al., 2006; Amat et al., 2014;
Schiegg et al., 2015). In a recent paper, 104 cells were tracked
in growing mouse embryos over 48 h, during gastrulation and
early organogenesis (McDole et al., 2018). The authors imaged
cell nuclei using adaptive multi-view light sheet imaging. Cells
were tracked using a Gaussian mixture model, with the center of

each nucleus determined by fitting their fluorescent signal to a
3D Gaussian function. By assigning cells present at the end of the
experiment to different tissues, e.g., the heart field or the neural
tube, based on anatomical features, and by following the tracks
of these cells backward in time, it was possible to reconstruct
how these cells flowed out of the primitive streak and assembled
into tissues. This revealed that the both the timing and position
of cells as they left the primitive streak was key to determining
their cell fate. Moreover, by tracking cell divisions in time, the
authors showed that the orientation of cell divisions changes
several times during neural tube closure, with important impact
on tissue morphology.

Despite the advance in analyzing mouse embryogenesis,
the McDole study also underscores the formidable technical
challenges that remain when studying development, including
in organoids. While the tracking error rate was low enough
to reconstruct the general flow of cells, it was too high to
automatically reconstruct lineages in most parts of the embryo.
This is because a single erroneous switch in cell identity can
corrupt large parts of the lineage tree. Instead, the authors used
a mosaic Cre/loxP reporter to sparsely label small subsets of cells.
This strongly reduced cell identity mistakes, by increasing the
spacing between tracked cells, but severely reduced the lineage
information that was captured. While such analysis of cell flow
coupled to fate is useful for many applications, acquiring more
exhaustive lineage information is of particular importance for
organoids, for instance to identify the rare differentiation events
and correlations between them, or to reveal spatial interactions
on short length scales, including those between neighboring cells
that originate from cell–cell signaling.

Following each cell without error requires both fine-tuned
image analysis algorithms to accurately identify all nuclei and
their positions, as well as a careful balance between limiting
phototoxicity and increasing temporal and spatial imaging
resolution. Similar to the embryo systems discussed above,
organoids have extended 3D structures that lead to out-of-
focus light and scattering, resulting in decreased resolution. In
addition, cell nuclei tend to be more closely packed compared
to early embryos and, particularly in epithelia, nuclei move
rapidly along the apicobasal axis during division (McKinley et al.,
2018). These properties require comparatively fast imaging (one
3D image every 5–15 min) at high spatial resolution (better
than 1 µm/pixel), and generally complicates identification of all
nuclei in each frame, for instance using gaussian fitting, and
linking them through time without error. Light-sheet imaging
may be used (Rios and Clevers, 2018; Serra et al., 2019), which
can limit resulting phototoxicity. This technique has also been
used to study the flow of embryonic renal cells in kidney
organoids during kidney rudiment re-aggregation (Held et al.,
2018). However, more broadly available confocal imaging is often
sufficient for organoid time-lapse imaging studies.

Apart from imaging, the dense 3D tissues found in organoids
also pose challenges for nuclei identification using established
image analysis approaches, such as Gaussian mixture models.
An important recent advance in this regard is the use of neural
networks and machine learning. This approach, which is based on
a training procedure that uses manually analyzed datasets to learn
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FIGURE 1 | Organoid properties that can be studied by “cell tracking,” a technique in which (nearly) all cells are followed in time over multiple generations, using 3D
time-lapse microscopy and automated image analysis, along with a host of fluorescence detection methods. Tracked cell positions allow one to reconstruct lineage
trees, follow migration, growth, and division dynamics, while fluorescence reporters may be used to study differentiation events, signaling pathways, and metabolic
states, which are key to understand cellular decision-making during development.

to identify nuclei, was shown to improve performance in non-
organoid systems with closely packed cells (Ulman et al., 2017;
Xing et al., 2018). Another issue is that cell tracking software
can be difficult to use for non-experts (Meijering et al., 2016).
Cell trackers often need to be reprogrammed, reconfigured,
or retrained in the case of a neural network approach, upon
changes in the system studied, imaging parameters, or fluorescent
reporters, although algorithms that work for a wider range of
microscopy images are developed (Stringer et al., 2021). Finally,
an important practical problem is that software packages are
not always well suited to correct for the tracking errors they
invariably generate. This feature is less important when studying
properties such as cell flow, but is important for lineage analysis
in organoids, where differentiation events may be strongly
influenced by stochasticity or neighbor interactions.

As a consequence, manual cell tracking approaches are still
used, even for systems with hundreds of cells (Wolff et al.,
2018). A promising new direction for organoid systems is to
combine automated tracking based on neural networks with
manual error correction steps. Such an approach was used to
reconstruct cell lineages by tracking 50 cells during embryonic
brain regionalization in brain organoids (Giladi et al., 2020). Key
to scaling up such a hybrid approach from a limited number
of lineages to entire organoids is to incorporate algorithms that
automatically identify possible errors and allow for efficient

manual correction of these errors. Recently, we developed such a
hybrid approach to perform lineage tracking for whole intestinal
organoids (Kok et al., 2020).

In the future, we expect that automatic cell tracking
approaches will continue to improve, driven in part by advances
in machine learning methods (Svensson et al., 2018). Currently
cell tracking studies focus primarily on cellular movement
and divisions. With automatic cell tracking becoming more
accessible, a range of new applications will open up in
organoid research, including the study of cellular differentiation,
tissue renewal, shape and symmetry changes, and may involve
simultaneous measurements of key regulatory and metabolic
signals (Kiviet et al., 2014; Rodríguez-Colman et al., 2017).

CELL TRACKING COMBINED WITH
FLUORESCENT MARKERS

The tracking of cells and their corresponding lineage trees by
itself is often not enough to understand how developmental
decisions are made. The results of these decisions, the cell fates,
are invisible in most situations – with the exception of well-
characterized systems where the cell type can be deduced from
its spatiotemporal position and anatomical features, like the
mouse embryo discussed in the previous section. By combining
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fluorescent markers that report on cell type with image-based cell
tracking, it is possible to monitor a cell’s identity, position and
lineage dynamics concurrently, and hence, study where and when
cell fate decisions are made.

A recent study (Viader-Llargués et al., 2018) showcases
the power of this combination. This work focused on tissue
regeneration upon damage of the neuromast, a small sensory
organ, in zebrafish. An elegant combination of cytosolic and
nuclear markers allowed imaging and identification of all three
major cell types in the neuromast using only two colors. These
fluorescence markers made it possible to selectively photo-ablate
different parts of the organ, and to subsequently study the
regenerative potential of the different cell types. By manually
tracking lineages it was found that multiple cell types have
regenerative potential, but only one type has the potential to
regenerate all three major cell types in the neuromast.

The authors then aimed to understand how these cell fate
decisions are regulated to faithfully regenerate the organ from a
single cell type. To analyze the large amounts of data generated
during live imaging, feature lists were compiled for every tracked
cell, including both intrinsic (e.g., the time since birth) and
extrinsic information (absolute position, relative position to other
cell types, and polar orientation). Using a machine learning
technique called “random forest” to predict cell fate decisions,
spatial features, like the position of cells relative to the organ
center during division, were shown to be highly predictive of
the cell fates that their progeny will take on. Intrinsic features
were uninformative, suggesting that in this system, cell fates
are not determined by (prior) cellular heterogeneity but by the
cells plastically responding to their environment. This influence
of position on cell fate would have been difficult to determine
without the combination of live fluorescence markers and image-
based lineage tracking.

For organoids, this approach is increasingly feasible, especially
given recent progress in CRISPR based techniques that allow
fluorescent reporters to be directly incorporated in organoid
lines (Artegiani et al., 2020). An organoid model for breast
cancer has been used to study why some cells carrying an
oncogenic mutation become highly proliferative while others do
not (Alladin et al., 2020). Tracked lineages and a fluorescent
reporter for the mutation indicated that the local density of
mutated cells was the most predictive feature. Being within a
cluster of other mutated cells yielded increased progeny. Again,
the combination of spatial and lineage information (in this case
the amount of progeny) provided by cell tracking were central to
the conclusions.

We note that the breast organoids from Alladin et al. (2020)
and the neuromasts studied by Viader-Llargués et al. (2018)
are comparatively small systems and contained few cell types.
Tracking will be more challenging in larger systems of several
hundreds of cells, while spectral overlap limits the number of
fluorescent labels, and hence, the ability to distinguish all cell
types of interest. Besides reporting for cell type, fluorescent
proteins can also quantify cellular processes in organoids, such
as chromosome and tubulin dynamics during cell division
(McKinley et al., 2018; Bolhaqueiro et al., 2019; Artegiani
et al., 2020). Even metabolic processes like oxygenation can be
followed using fluorescence sensors (Okkelman et al., 2017). Also

promising are fluorescence reporters for the signaling pathways
that regulate developmental decisions. Often, these reporters
can be fused either directly to a downstream target of the
pathway or placed under control of a target gene promotor.
Short-lived fluorescent proteins might be required to detect rapid
pathway activity dynamics (Doupe and Perrimon, 2014). Indeed,
newly developed Wnt and Notch reporters have shown notable
dynamics, which in turn impact differentiation (Delaune et al.,
2012; Sonnen et al., 2018; Massey et al., 2019; Rosenbloom et al.,
2020). These functional read-outs can be readily combined with
lineage tracking to quantitatively study correlations with cellular
organization and differentiation.

CELL TRACKING COMBINED WITH
END-POINT MEASUREMENTS

As discussed in the previous section, signaling dynamics and
changes in cell state during development can in principle be
monitored directly using fluorescent markers. However, the
spectral overlap of fluorescent proteins and the time investments
associated with the required genetic engineering limits the
number of colors that can be imaged simultaneously to at most
2–3. This severely limits the number of cell types or genes that
can be tracked in one experiment.

An approach that may help to circumvent this limitation
was used to study 2D cultures of mouse embryonic stem
cells (Hormoz et al., 2016). After tracking the cells over time,
these same cells were subsequently studied using three-color
single molecule RNA-fluorescence in situ hybridization (RNA-
FISH). These data quantified the expression of three genes
that mark various differentiation stages. Each cell was classified
as high or low for each gene, resulting in eight possible cell
states. These states were correlated with the lineage history of
each cell using an analytical approach called Kin Correlation
Analysis (KCA). This method infers the cell-state transition
rates during time-lapse imaging by analyzing state-correlations
between relative cells, such as sisters and cousins. Reversible
transitions occurred only between adjacent cell states, in a linear
chain of cell states from pluripotent to more differentiated.
Overall, these experiments show how developmental dynamics
can be inferred by combining dynamic cell tracking with static
end-point measurements.

One advantage of such end-point measurements is their
scalability. In order to find genes important to Escherichia
coli cell cycle control, cells from a library of 235 CRISPR
interference (CRISPRi) perturbations were tracked for days
jointly in a single experiment, while characterizing phenotypes
such as chromosome replication forks, cell size, and growth
rates. Afterward, 10 sequential rounds of FISH labeling were
performed to identify the underlying CRISPR perturbation
in each tracked lineage. Key replication initiation regulators
could hence be identified, and yielded new replication initiation
control models (Camsund et al., 2020). Measurements of gene
expression in single fibroblast cells and in brain tissue have
been performed using a sequential staining method termed
multiplexed error-robust FISH (MERFISH) (Chen et al., 2015;
Moffitt et al., 2016a,b). Applying smFISH to organoids is
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challenging, due to limited penetration of probes and high
background fluorescence, and often requires cryosectioning,
which is non-trivial to implement (Grün et al., 2015). However,
a protocol for 3D smFISH in whole-mount colon organoids,
that relied on reducing the background fluorescence of Matrigel,
was described recently and may be applicable to other organoid
systems (Omerzu et al., 2019).

This approach may be extended to other end-point analysis
techniques such as immunostaining. Immunostaining has been
often used to study cell type and differential expression statically,
without a combination with cell tracking, for instance recently
in neural tube development (Fannon et al., 2021). Multiplexed
immunofluorescence imaging techniques allows for more than
ten sequential rounds of antibody staining in a tissue (Lin
et al., 2018). Multiple rounds of immunostaining has been
used in intestinal organoids (Serra et al., 2019), though not in
combination with cell tracking. An exciting idea is performing
single-cell RNA-sequencing (scRNA-seq) as end-point analysis
after cell tracking, as it would allow one to correlate the lineage
tree to genome-wide changes in gene expression. However, as
cells may then have to be removed from their tracked location
to perform sequencing, which may be partially achieved by
sorting fluorescently labeled cells or microaspiration, challenges
remain in linking these different data sets. Alternatively, cell
tracking could be followed by the recently developed spatial
transcriptomics technique, which allows for RNA-sequencing
while keeping the information of relative cell positions, though
current techniques use sectioning and do not provide 3D
information (Ståhl et al., 2016; Lein et al., 2017; Rodriques et al.,
2019). Overall, combining lineage tracking with static end-point
measurements in organoids provides a promising approach to
study spatio-temporal organization in developing organoids.

DISCUSSION

In this review we have highlighted a number of recent studies
that show the power of cell tracking approaches and how they
can be applied to organoid model systems. They first of all
underscore a general reality: the more we follow biological
processes in time, the more crucial dynamics we uncover. This
is perhaps particularly true for developmental processes, where
organization in time is the core of the problem. They also
illustrate how key technologies are now converging. On the one
hand, advances in 3D microscopy and image analysis algorithms
provide increasingly detailed views of cellular dynamics. On the
other hand, rapid progress in genetic engineering and single-
cell sequencing yield ever more information on key regulators
and markers of cell identity. With adjustments, these techniques
are highly suited for application to the biology and biophysics
of organoids, where study of temporal dynamics is still in its
infancy. Together, these developments now provide an exciting
opportunity to understand the underlying principles by which
organs and organoids are organized in space and time.

While the studies reviewed here show that the main
technologies are available, numerous improvements and
extensions can be envisioned. At a practical level, more reliable

automated tracking of cell movement and division would
greatly expand the general use and throughput of cell tracking
approaches. The development of new fluorescent reporters and
sensors promises far more detailed observations of regulatory
and metabolic pathways than is possible currently. Approaches
that can link cell tracking to more expansive cell expression
measurements, including multiplexed immunostaining, smFISH,
and single-cell sequencing, have the potential to unlock a next
level of understanding down to the molecular scale.

A general challenge will be to analyze the resulting lineage
tracking data sets, given their complex, multi-faceted nature
that combines space, time, lineage, and internal states. How
can insight into simple organizing principles be inferred from
such data sets? One approach could be to use machine learning
techniques to identify the most relevant features informing
cell fate decisions (Ståhl et al., 2016; Viader-Llargués et al.,
2018; Alladin et al., 2020). In addition, one may exploit
dimensionality reduction techniques similar to ones used in the
single cell sequencing and flow cytometry fields, which deal
with similar highly dimensional single-cell resolved data, as
they could identify hidden structures in the data. For instance,
currently expressed cellular fate could be determined by past
cell–cell contacts, cellular location, orientation, and molecular
signals, while conversely, cellular migration speeds and spatial
patterns may depend on cell type, age, and genealogical relations.
Reduction techniques are already being used to analyze high
throughput microscopy (Caicedo et al., 2017; Czech et al.,
2019) and recently have been used in the analysis of time-
resolved imaging of whole organoids (Serra et al., 2019) and
single cells in 2D culture (Rennerfeldt et al., 2019). Beyond
the single cell level, recently developed methods allow statistical
analysis of lineage trees shapes (Stadler et al., 2018; Yuan
et al., 2020) and simultaneously measured phenotypic signals
(Kiviet et al., 2014; Feigelman et al., 2016; Skylaki et al.,
2016; Stadler et al., 2018; Hicks et al., 2019). In this way key
differences between lineages may be identified and correlated
with developmental decisions. However, it is likely that new
analysis methods and the introduction of bottom-up mechanistic
models are needed to make full use of the incredible richness of
information that these new technologies can provide, and allow
one to move from a descriptive to a predictive understanding
of organ biology.
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The human germ cell lineage originates from primordial germ cells (PGCs), which are
specified at approximately the third week of development. Our understanding of the
signaling pathways that control this event has significantly increased in recent years
and that has enabled the generation of PGC-like cells (PGCLCs) from pluripotent stem
cells in vitro. However, the signaling pathways that drive the transition of PGCs into
gonia (prospermatogonia in males or premeiotic oogonia in females) remain unclear,
and we are presently unable to mimic this step in vitro in the absence of gonadal tissue.
Therefore, we have analyzed single-cell transcriptomics data of human fetal gonads to
map the molecular interactions during the sex-specific transition from PGCs to gonia.
The CellPhoneDB algorithm was used to identify significant ligand–receptor interactions
between germ cells and their sex-specific neighboring gonadal somatic cells, focusing
on four major signaling pathways WNT, NOTCH, TGFβ/BMP, and receptor tyrosine
kinases (RTK). Subsequently, the expression and intracellular localization of key effectors
for these pathways were validated in human fetal gonads by immunostaining. This
approach provided a systematic analysis of the signaling environment in developing
human gonads and revealed sex-specific signaling pathways during human premeiotic
germ cell development. This work serves as a foundation to understand the transition
from PGCs to premeiotic oogonia or prospermatogonia and identifies sex-specific
signaling pathways that are of interest in the step-by-step reconstitution of human
gametogenesis in vitro.

Keywords: development, human fetal gonads, single-cell transcriptomics, signaling pathways, sex-specific,
gametogenesis, primordial germ cell (PGC), gonia

INTRODUCTION

Understanding the germ cell life cycle requires identification of the key signaling events that
decide and regulate each step of germ cell fate. This knowledge will be essential to recapitulate
gametogenesis in vitro in humans, which is expected to be a powerful tool to study human
development and generate treatments for infertility. The first step of gametogenesis in mammals
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is the specification of primordial germ cells (PGCs). Work
in mouse embryos has identified Prdm1 (or Blimp1), Tfap2c,
and Prdm14 as essential regulators of PGC specification, driven
by BMP signaling from the extraembryonic tissues and WNT
signaling from the posterior epiblast, leading to lineage restriction
at 7.2 days post fertilization (dpf) (Li et al., 2020). In humans,
the signaling pathways involved in PGC specification in vivo
remain challenging to investigate; however, work on human
preimplantation blastocysts cultured until day 14 dpf suggests
that PGC specification may occur around 12 dpf (Chen et al.,
2019; Popovic et al., 2019) and may as well be regulated by BMP
and WNT signaling (Tang et al., 2016). In both humans and
mice, PGCs migrate to the future gonadal ridges, where they settle
as the gonads undergo sex determination. In the gonads, PGCs
differentiate into gonia (GONs), prospermatogonia (SGON)
in males or oogonia (OGON) in females, characterized by
the upregulation of DDX4 and DAZL and downregulation of
pluripotency markers such as POU5F1 and NANOG (Li et al.,
2020). In males, SGONs arrest as prospermatogonia until birth,
and in females, the OGONs enter meiotic prophase I and arrest
in the diplotene stage (dictyate) in primordial follicles.

The formation of PGC-like cells (PGCLCs) from human
and mouse pluripotent stem cells (PSCs) has been successfully
recapitulated (Irie et al., 2015; Kotaro Sasaki et al., 2015;
Kobayashi et al., 2017). However, the directed differentiation of
PGCLCs to premeiotic (POU5F1−/DDX4+) GON-like cells has
only been robustly achieved using mouse female PSCs (Miyauchi
et al., 2017). In the case of mouse male PSCs and human male and
female PSCs, differentiation from PSCs to (POU5F1−/DDX4+)
GON-like cells has been reported, but requires a necessary
step of co-culture with supporting gonadal somatic cells in
the form of reconstituted ovaries or testes (Hayashi et al.,
2011; Zhou et al., 2016; Yamashiro et al., 2018; Hwang et al.,
2020). As such, the exact differentiation cues determining the
step from PGCs to premeiotic (POU5F1−/DDX4+) SGONs and
OGONs remain unclear, especially in humans where working
in vivo remains particularly challenging. To determine the correct
culture conditions for the differentiation step between human
PGCs and premeiotic GONs, it is important not only to first
understand the developmental trajectories of human germ cells
in vivo, between those two developmental stages, but also
to characterize the surrounding signaling environment, which
provides sex-specific developmental cues.

Recent developments in single-cell transcriptomics have
facilitated the generation of large online-available single-
cell datasets of different organs and tissues, contributing
tremendously to the cellular characterization and even the
discovery of novel cell types in the human body during health
and disease (Grün et al., 2015; Birnbaum, 2018; Anaparthy
et al., 2019). Moreover, the ongoing development of novel
freely available computational tools, particularly focusing on
the analysis of transcriptional networks (Fiers et al., 2018)
and receptor–ligand interactions (Armingol et al., 2020), is
revolutionizing the way we optimize and validate (using
machine-learning algorithms) differentiation protocols. Making
use of the most comprehensive online-available single-cell RNA-
sequencing (scRNA-seq) dataset of human fetal gonadal tissue

(Li et al., 2017), the CellphoneDB algorithm (Efremova et al.,
2020) was used to map possible ligand–receptor interactions
between germ cells and surrounding gonadal somatic cells.
We selected interactions representing four major developmental
signaling pathways [receptor tyrosine kinases (RTK), WNT,
TGFβ/BMP, and NOTCH] and have provided the cellular
localization of effectors of those signaling pathways in male and
female human gonads of first and second trimester. Surprisingly,
the systematic analysis of these four signaling pathways suggests
that the transition from PGCs to premeiotic (POU5F1−/DDX4+)
GONs in humans involves cytokines, such as KITL, but seems
to be regulated by sex-specific signals, in particular high levels
of BMPs and canonical WNT in females, contrasting to low
levels of BMPs and FGF9 together with IGF1 and activin A
(ActA) in males.

MATERIALS AND METHODS

Ethical Permission to Use Human
Material
The human fetal material used in this work was obtained
from elective abortions (without medical indication) with signed
informed consent. This work described here was approved by
the Medical Ethical Committee of Leiden University Medical
Centre (P08.087).

Collection of Human Fetal Tissue and
Sex Genotyping
Human gonads (and intestine) were isolated and washed in
cold 0.9% NaCl (Fresenius Kabi, Bad Homburg, Germany).
Next, they were fixed in 4% paraformaldehyde (PFA, Sigma-
Aldrich, St. Louis, MO, United States) under mild shaking at
4◦C overnight. The gonads were washed in phosphate-buffered
saline (PBS), transferred to 70% ethanol, washed several times,
and stored in 70% ethanol at 4◦C before paraffin embedding.
When necessary, the sex was determined by genomic PCR for
Amelogenin (AMELX/AMELY), which distinguishes the X and
Y chromosomes by amplicon size (977 and 790 bp, respectively),
as described previously (Heeren et al., 2015).

Tissue Culture
HEK293T cells were cultured in DMEM/F12 (Thermo Fisher
Scientific, Waltham, MA, United States) with 10% fetal calf serum
(FCS) (Sigma-Aldrich, St. Louis, MO, United States) and 50 U/ml
penicillin-streptomycin (Thermo Fisher Scientific, Waltham,
MA, United States). The cells were seeded on coverslips coated
with 0.1% poly-l-lysine solution (Sigma-Aldrich, St. Louis, MO,
United States) for 30 min and were either cultured with culture
medium (10% FCS) or serum starved (0% FCS) for 16 h.
The cells that were serum starved overnight were cultured
for 30 min in DMEM/F12 containing specific growth factors,
500 ng/ml IGF1 (R&D Systems, Minneapolis, MN, United States,
291-G1), 100 ng/ml SCF (R&D Systems, Minneapolis, MN,
United States, 7466-SC), 20 ng/ml TGFβ1 (PeproTech, Rocky
Hill, CT, United States, 100-21-A), 100 ng/ml FGF2 (PeproTech,
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Rocky Hill, CT, United States, 100-18B), 100 ng/ml EGF (R&D
Systems, Minneapolis, MN, United States, 236-EG), 200 ng/ml
BMP4 (R&D Systems, Minneapolis, MN, United States, 314-
BP), or 100 ng/ml activin A (R&D Systems, Minneapolis, MN,
United States, 338-AC). Thereafter, the cells were fixed in 4% PFA
for 20 min at room temperature and used for immunofluorescent
staining.

Immunofluorescence and Imaging
Fetal gonads (and intestine) were embedded in paraffin using
a Shandon Excelsior tissue processor (Thermo Fisher Scientific,
Waltham, MA, United States) and sectioned (5 µm) using
a RM2065 microtome (Leica Instruments, Wetzlar, Germany)
onto StarFrost slides (Waldemar Knittel, Brunswick, Germany).
Paraffin sections were deparaffinized in xylene and rehydrated in
an ethanol dilution series ending with water. Antigen retrieval
was performed in 0.01 M citric buffer (pH 6.0) for 12 min at
98◦C in a TissueWave 2 Microwave (Thermo Fisher Scientific,
Waltham, MA, United States). After rinsing with PBS, sections
were incubated for 1 h at room temperature with blocking
solution [1% bovine serum albumin (BSA, Sigma-Aldrich, St.
Louis, MO, United States), 0.05% Tween-20 (Merck, Darmstadt,
Germany)]. Samples were incubated with primary antibodies
diluted in blocking solution overnight at 4◦C, washed three
times with PBS, and incubated with secondary antibodies and
DAPI (Thermo Fisher Scientific, Waltham, MA, United States)
diluted in blocking solution for 1 h at room temperature. Slides
were washed three times with PBS and mounted with coverslips
using ProLong Gold (Thermo Fisher Scientific, Waltham,
MA, United States).

Cells on coverslips were fixed in 4% PFA for 20 min, washed
three times with PBS and permeabilized with 0.2% Triton X-
100 (Sigma-Aldrich, St. Louis, MO, United States) in PBS, and
washed three times with 0.05% Tween-20 (Sigma-Aldrich, St.
Louis, MO, United States) in PBS. Next, the cells were incubated
for 1 h at room temperature with blocking solution, followed by
incubation with primary antibodies diluted in blocking solution
overnight at 4◦C, washed three times with PBS, and incubated
with secondary antibodies and DAPI diluted in blocking solution
for 1 h at room temperature. Finally, cells were washed with PBS
and the coverslips were mounted on StarFrost slides (Waldemar
Knittel Brunswick, Germany) using ProLong Gold.

A list of the used antibodies can be found in Supplementary
Table 1. Slides were analyzed on a Leica SP8 confocal microscope,
and grayscale images were combined and edited (adjustment of
brightness/contrast) in Adobe Photoshop.

Analysis of RNA Sequencing Data
The count table in unique molecular identifiers (UMI) was made
available by Li et al. (2017)1. The dataset was loaded in R (version
4.0.2) as a Seurat object, and cells expressing less than 250 genes,
as well as genes expressed in less than 10 cells, were filtered
from the dataset. Functions specified here belong to Seurat
(version 3.1.4) (Stuart et al., 2019) unless noted otherwise. The
dataset was divided according to sex and separately normalized

1http://github.com/zorrodong/germcell

(log-normalization as per NormalizeData function with a scale
factor of 10,000). The variable genes in the male and female
datasets were determined (FindVariableFeatures), followed by
scaling (ScaleData), and analyzed using the SCORE algorithm
(RSCORE package version 0.1.0) (Dong et al., 2019). A principal
component analysis (PCA) was performed (RunPCA), visualized
using uniform manifold approximation and projection (UMAP)
(RunUMAP, PCA dimensions 1:40 for male and 1:10 for female),
and clustered (FindNeighbors and FindClusters). Single gene
expression UMAP and violin plots were generated using the
FeaturePlot and VlnPlot functions, respectively.

For analysis of differentially expressed genes (DEG),
the expression levels were compared (pair-wise) using the
FindMarkers function. A full list of DEGs (Supplementary
Table 2) and pathway-specific DEGs (Supplementary
Table 3) is included. Volcano plots were generated using
the EnhancedVolcano package (version 1.8.0) (Blighe et al.,
2020), and heatmap plots (dendrograms obtained by complete
linkage clustering) were generated using pheatmap package
(version 1.0.12) (Kolde, 2019). To obtain DEGs of particular
signaling pathways (RTK, WNT, TGFβ/BMP, and NOTCH), the
total DEG list of these pathways was filtered as defined by the
Kyoto Encyclopedia of Genes and Genomes (KEGG)2 (KEGG
IDs: 04010, 04310, 04330, 04350, and 04151). RTKs do not have
a separate KEGG pathway but instead are part of several. Two
of these, MAPK- (04010) and PI3K-Akt (04151), encompass the
major effectors of downstream RTK signaling and were used for
analysis of RTK-associated signaling. Schematic signaling models
were adapted and simplified from the five KEGG pathway maps
and manually overlaid with color gradients indicating average
log(fold change).

Receptor–Ligand Interaction Analysis
Using CellphoneDB
For receptor–ligand expression analysis, count data was extracted
from R-based Seurat objects and used as input for the
CellphoneDB algorithm (version 2.1.2) in Python 3.8 (Efremova
et al., 2020). Using of sex-specific clusters of interest, we filtered
for receptor–ligand interactions with P < 0.1 and for which
the component genes (UMI > 0) were expressed in >30%
cells in the clusters of interest. Note that in CellphoneDB, the
database of available receptor–ligand interactions is limited to
a fixed set of experimentally validated interactions; hence, not
validated interactions are absent. From the obtained subset of
receptor–ligand interactions between the clusters of interest,
we selected receptor–ligand pairs involved in the RTK, WNT,
TGFβ/BMP, and NOTCH signaling pathways. For this, the
following key (partial) gene symbols to filter the results were
used: WNT signaling: WNT, FZD, RSPO, LGR, LRP5, and LRP6;
TGFβ/BMP signaling: ACVR, BMP, INHBA, INHBB, AMH,
MIS, and TGF; NOTCH signaling: NOTCH; and RTK signaling:
CSF1R, EGFR, EPHA2, ERBB2, ERBB3, ERBB4, FGFR, FGFR2,
FGFR3, FGFR4, FLT1, FLT3, FLT4, IGF1R, INSR, KDR, KIT,
MET, NGFR, NTRK1, NTRK2, PDGFRA, PDGFRB, and TEK.
The selection of RTK genes was based on the definition of RTKs

2https://www.genome.jp/kegg/pathway
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in the MAPK- and PI3-Akt signaling KEGG pathways (IDs:
04010 and 04151). The results were visualized using the dot_plot
function of CellphoneDB.

Statistics
For receptor–ligand analysis, statistical data was generated by
the CellphoneDB algorithm, which uses empirical shuffling
to determine whether ligand–receptor pairs show cell cluster
specificity (see Efremova et al., 2020). For DEG analysis, results
were tested with Wilcoxon rank-sum test and adjusted with a
Bonferroni correction (referred to as adjusted p-value in figures).

RESULTS

Identification of Different Cell Types in
the Human Fetal Gonads
We analyzed publicly available scRNA-seq data from developing
human fetal male and female gonads of 4–26 weeks of
development (WD), corresponding to 6–28 weeks of gestation
(WG) (Li et al., 2017). For this, the dataset was first separated
by sex, followed by cell clustering on each set individually and
visualization by UMAP. In the male set (Figure 1A), clusters
(mCL)1–4 represented germ cells, with cells in mCL1 and
mCL2 corresponding to PGCs (POU5F1, SOX17, PDPN, PRDM1,
and NANOS3) and mCL4 to SGONs, expressing high levels
of DDX4, as well as male-specific germ cell markers such as
MAGEA3, MAGEB2, PAGE5, and VCX3 and no POU5F1 (Lahn
and Page, 2000; Simpson et al., 2005; Lee and Potts, 2017).
mCL3 represented a transitory state between PGCs and SGONs,
which we named transitory germ cells (TGCs). These cells
were characterized by downregulation of PGC markers and low
DDX4 expression. The male somatic clusters mCL5 and mCL6
corresponded to Sertoli cells (SER) (WT1, GATA4, AMH, and
SOX9) and stromal cells (STR) (NR2F2 and GATA4), respectively
(Figure 1A and Supplementary Figure 1A). In the female set
(Figure 1B), we identified fCL1–7 as germ cells. Female PGCs
(POU5F1, PDPN, PRDM1, and NANOS3) were in fCL1–3. fCL4–
7 contained more mature POU5F1−/DDX4+ OGONs, which
sub-clustered into premeiotic retinoic acid (RA)-responsive
(fCL4, expressing STRA8), meiotic (fCL5 and fCL6, expressing
both SYCP1 and SYCP3), and dictyate (fCL7, expressing ZP3)
OGONs. In contrast to males, females lacked a cluster transiting
from PGCs to GONs. Based on expression of WT1, FOXL2,
KITLG, and GATA4, fCL8–10 were identified as (pre-)granulosa
cells (GRA) (Figure 1B and Supplementary Figure 1A).
This classification is largely in agreement with that proposed
previously (Li et al., 2017). A schematic overview of terminology
is provided in Figure 1C.

For SGONs, the prefixes multiplying (M)-, transitional-
1 (T1), and T2 are conventionally used to differentiate
developmental states, based on proliferation (Hilscher
et al., 1974; Culty, 2013). Moreover, three male germ cell
populations were previously reported in the testis, based
on the expression of POU5F1, KIT, and MAGEA3/A4
(Gaskell et al., 2004). In agreement, we observed three
germ cell populations: POU5F1+/DDX4low/MAGEA4−

PGCs, POU5F1−/DDX4high/MAGEA4+ SGONs, and
POU5F1−/DDX4low/MAGEA4− cells, likely TGCs (Figure 2A
and Supplementary Figure 1B). TGCs were also negative for
NANOG and showed low expression of SOX17 (Supplementary
Figure 1C). In addition, mCL1 and mCL2 differed in cell cycle
state, with mCL2 being MKI67+ (Figure 2B). By contrast,
SGONs (mCL4) were MKI67 negative. Immunofluorescence
revealed the presence of MKI67+ PGCs (POU5F1+) and
MKI67+ TGCs (POU5F1−/DDX4low) (Figure 2C and
Supplementary 1D). MAGEA3 and MKI67 were mutually
exclusive, confirming that MAGEA3 marks mitotically inactive
SGONs (Supplementary Figure 1D). A similar distinction
was not observed in female germ cells, where both PGCs and
premeiotic OGONs (variably) express MKI67 (Figure 2C).
A schematic overview of the identified germ cells, relevant
nomenclature, and identifying markers is provided in Figure 2D.

Validation of KIT–KITL Ligand–Receptor
Interactions Using CellphoneDB
We first used the CellphoneDB algorithm (Efremova et al.,
2020) on a well-known validated interaction between germ cells
and surrounding somatic cells and the interaction between KIT
(expressed in germ cells) and KITLG (expressed in gonadal
somatic cells) (Robinson et al., 2001; Gkountela et al., 2013; Li
et al., 2017). KIT belongs to the family of RTKs, a large class of
proteins that activate downstream signaling cascades, including
those based on MAPK- and PI3K-Akt signaling. Indeed, KIT is
highly expressed in female and male PGCs and OGONs (fCl4),
whereas its ligand KITLG is expressed in gonadal somatic cells
(GRA1+ 2 and SER) (Figure 2E). The CellphoneDB algorithm
identified this interaction as highly significant in the case of PGC-
GRA1 + 2 and OGON-GRA1 + 2 in females and PGC-SER in
males (Figure 2F). Interestingly, KIT–KITLG signaling between
SGONs and SER was not significant (Figure 2F). To validate that,
we confirmed that KIT was expressed in female and male PGCs
and OGONs, but strongly downregulated in SGONs (Figure 2G).

RTK Signaling Ligand–Receptor
Interactions Between Germ Cells and
Gonadal Somatic Cells
In addition to KIT–KITL, we investigated the presence of
other significant ligand–receptor interactions between germ
cells and surrounding somatic cells belonging to the RTK
signaling pathway, involving cytokines such as PDGF, VEGF, IGF,
and FGF (Figure 3). Interestingly, many of these interactions
represented signaling from the germ cells to somatic cells
(Figures 3A–D). For example, STR expressed EGFR and PDGFR,
whereas their binding partners GRN and PDGF were expressed
by germ cells (Figure 3A). The most significant interactions
regarding signaling from somatic cells to germ cells involved
FGFRs, IGF1R, and KIT (Figures 3A–D). Germ cells (PGCs
and GONs) of both sexes expressed IGF1R, but its ligand
IGF1 was highly expressed only by STR (Figures 3B,D),
suggesting a male-specific effect. Moreover, several FGFR were
expressed in germ cells of both sexes, suggesting an ability
to activate FGF signaling (Figures 3B,D), but surprisingly,
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FIGURE 1 | Cell clustering in human fetal male and female gonads. (A,B) Uniform manifold approximation and projection (UMAP) visualization of cells from the
human fetal testis (A) or ovary (B) showing cluster identification (ID) (top left panel) and the expression of genes of interest [log-normalized unique molecular
identifiers (UMI)] for cell type identification (right side). Bottom left panels show stacked bar plots depicting relative distribution of cells in each cluster per age (weeks
of development, WD) in the dataset. (C) Schematic overview of the cell types assigned to the different clusters.

FGF9 was not produced by SER, as has been described in
mice (Colvin et al., 2001; Kim et al., 2006), but instead by
SGONs in humans (Figures 3B,D). Somatic cells of both
sexes showed high expression of TIMP1, a secreted inhibitor
of metalloproteinases with signaling properties associated with
anti-apoptosis and cell growth (Jackson et al., 2017). Although
the interaction between TIMP1 and FGFR2 is validated, the
functional consequences of the interaction remains unclear
(Huttlin et al., 2017).

Downstream of RTKs, we observed the upregulation of
many key pathway effectors in GONs of both sexes: RAS
(KRAS/MRAS), ERK (MAPK1/3), JNK (MAPK8/9/10), and
PI3K (PIK3CB/PIK3R3) (Figures 3E–H), suggesting that
the machinery downstream of RTK is in place in GONs.
However, we also observed that genes involved in the negative
regulation of the RTK were also differentially expressed in
GONs: MAPK phosphatases (MKPs), such as DUSP9 and

DUSP4/5/10, were significantly upregulated in OGONs and
SGONs, respectively, and TCL1A and TCL1B (which potentiates
PI3K-Akt signaling) were strongly downregulated in GONs in
general (Figures 3E–H).

To confirm the activity status of RTK pathway, we investigated
the nuclear translocation of several phosphorylated (p) MAPKs,
a critical event in the activation of RTK signaling. Nuclear
pJNK (pMAPK8/9/10) was absent from all germ cells but
was observed in male somatic cells (Figures 4A,B; control
in Supplementary Figure 3A). Of note, some female germ
cells (POU5F1+ PGCs and POU5F1− OGONs) showed pJNK
localized to a spot in the plasma membrane (Figure 4B).
Nuclear phosphorylated-p38 MAPK signal was low in germ
cells and mostly observed in somatic cells (Supplementary
Figure 2A; control in Supplementary Figure 3A). However, in
agreement with the transcriptomics data, total ERK (MAPK1/2)
was highly expressed by GONs, particularly in the cytoplasm
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FIGURE 2 | Characterization of germ cell proliferative state and validation of the receptor–ligand analysis method. (A) Immunofluorescence of MAGEA3, POU5F1,
and DDX4 in fetal testis (18 WD), revealing three germ cell types: POU5F1+/DDX4low/MAGEA4− primordial germ cells (PGCs),
POU5F1−/DDX4high/MAGEA4+ SGON, and POU5F1−/DDX4low/MAGEA4− transitory germ cells (TGCs). (B) UMAP visualization of isolated male (left panels) and
female (right panels) germ cell (GC) clusters, showing cluster identification, estimated cell cycle (CC) phase, and MKI67 expression. Both male and female PGC show
variable CC state and expression of MKI67, reflecting proliferation. However, gonia (GONs) differ between male and female, with MKI67 being expressed in oogonia
(OGONs), but not in prospermatogonia (SGONs). (C) Immunofluorescence of MKI67 in fetal testis (18 WD) and ovary (19 WD). A subset of PGCs (POU5F1+) and
TGCs (POU5F1−/DDX4low) shows positive MKI67 staining, whereas SGONs (left panel: POU5F1−/DDX4Hi , middle panel: MAGEA3+/DDX4Hi ) were never MKI67
positive. In fetal ovary, both PGC and premeiotic OGONs MKI67+ subsets are present. (D) Overview of identified germ cell subtypes, the markers used for their
identification, and their proliferative state. (E) UMAP plots of male and female sets showing expression levels of KIT (in red) and KITLG (in blue). KIT is expressed in
PGC clusters and premeiotic OGONs, while KITLG is expressed by GRA1–2 and Sertoli cells (SER). (F) CellphoneDB analysis of KIT–KITLG interaction between
different clusters in male (top) and female (bottom) fetal gonads. Depicted are −log10 p-values (circle size) and log2 means (circle color) for the KIT–KITLG interacting
pair, for selected pairwise cluster combinations. In the ovary, a significant KIT–KITLG interaction is observed from GRA to PGC and OGON clusters, while in males, a
significant interaction is observed from SER to PGC clusters only. (G) Immunofluorescence of KIT with POU5F1 and DDX4, in PGCs (POU5F1+) and GON
(POU5F1-) in fetal testis (20 WD) and ovary (18 WD). Consistent with scRNA-seq data, KIT is expressed by PGCs and OGONs, but not SGONs. Yellow boxes
indicate zoom-in of a PGC, and cyan boxes indicate zoom-in of a GON. Scale bar is 10 µm.
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FIGURE 3 | Expression of receptor tyrosine kinases (RTK) ligand–receptor pairs and downstream pathway effectors in fetal gonads. (A) CellphoneDB analysis of
RTK interactions between different clusters in male fetal gonads. Depicted are −log10 p-values (circle size) and log2 means (circle color) for the interacting pairs, for
selected pairwise cluster combinations. (B) Violin plots of selected RTK ligands and receptors in male germ and somatic clusters. (C) CellphoneDB analysis of RTK
interactions between different clusters in female fetal gonads. (D) Violin plots of selected RTK ligands and receptors in female germ and somatic clusters.
(E) Heatmap showing the expression of genes of interest associated with RTK signaling pathway in male germ and somatic cell clusters. (F) A volcano plot showing
RTK-related genes between PGC and GON clusters in male gonads. Table shows the top 15 differentially expressed genes. Genes in bold are common between
male and female [see (H)]. (G) Heatmap showing the expression of genes of interest associated with RTK signaling pathway in female germ and somatic cell
clusters. (H) A volcano plot showing RTK-related genes between PGC and GON clusters in female gonads. Table shows the top 15 differentially expressed genes.

(Figures 4A,B and Supplementary Figure 2B), whereas punctate
nuclear pERK (pMAPK1/2) was observed in somatic and germ
cells of both sexes (Figures 4A,B; control in Supplementary

Figure 3A), suggesting some degree of RTK activation in all
cells (Figure 4C). The functional significance of the strong
cytoplasmic accumulation of total ERK (MAPK1/2) in GONs
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remains to be further elucidated but could prepare GONs
for meiotic entry (after RA signaling) (Kim et al., 2019). In
agreement, leptotene/zygotene OGONs show some degree of
nuclear ERK/pERK (Figure 4B).

WNT Signaling Ligand–Receptor
Interactions Between Germ Cells and
Gonadal Somatic Cells
Due to a pronounced role in sex determination of the
gonads (Capel, 2017), the WNT signaling pathway was next
investigated in fetal gonads (Figure 5). Using CellphoneDB,
we identified a significant interaction between WNT-ligand
WNT5A, expressed by male STR and female GRA1/2, and
WNT receptors FZD3 and ROR2, expressed in PGCs and
GONs (Figures 5A–D). As many WNT ligand–receptor
interactions have not been experimentally confirmed, being
therefore absent from CellphoneDB, we also studied the
expression of all WNT ligands and observed that WNT6 is
expressed by somatic cells of both sexes (SER in males and
GRA1/2 in females) (Figures 5B,D). Moreover, both PGCs
and GONs of both sexes expressed WNT2B and WNT3,
which may induce autocrine WNT signaling, although direct
interactions with FZD3 and FZD5 have not been reported
(Dijksterhuis et al., 2014).

Next, we investigated the expression of WNT signaling
pathway members between PGCs and GONs (Figures 5E–H).
Casein kinase 2 (CK2) can act as a potentiator of WNT signaling,
and its subunits alpha 1 and 2 (CSNK2A1 and CSNK2A2)
were specifically upregulated in SGONs (Figures 5E,F). In
mice, CSKN2A2 is required for spermatogenesis (Xu et al.,
1999). Moreover, several members of the TCF/LEF family,
such as TCF7L2, were upregulated in GONs of both sexes
(Figures 5E,F). The TCF/LEF family plays an important role in
canonical WNT signaling, allowing nuclear CTNNB1 (β-catenin)
to associate with DNA and subsequently regulate transcription
(Cadigan and Waterman, 2012). In addition, SFRP2 was strongly
downregulated upon transition from PGCs to GONs in box
sexes (Figures 5E–H). This gene encodes a secreted FZD-
related protein that is traditionally considered an inhibitor of
canonical WNT signaling, but which may act as an agonist in
some circumstances (van Loon et al., 2020). We confirmed the
nuclear expression of TCF7L2 in most germ cells, in particular
GONs (Figures 6A,B, right panels) and downregulation of
SFRP2 in GONs (Figures 6A,B, middle panels), which in
fetal ovary generates a gradient originating from the cortex
(Supplementary Figure 2E).

To further infer on the activation of the canonical WNT
signaling pathway during the transition from PGCs to GONs,
we investigated the localization of CTNNB1 (β-catenin) in fetal
gonads. High levels of membrane-associated CTNNB1 were
present in SER and germ cells in seminiferous tubes and in GRA
and germ cells in ovarian cords, but faint nuclear CTNNB1 was
only detected in OGONs prior to meiotic entry (Figures 6A,B,
left panels), suggesting that although the machinery for canonical
WNT signaling is present in both sexes, it may be transiently
active only in OGONs (Figure 6C).

TGFβ/BMP Ligand–Receptor Interactions
Between Germ Cells and Gonadal
Somatic Cells
An analysis of TGFβ/BMP ligand–receptor interactions between
germ cells and surrounding somatic gonadal cells revealed
striking differences between males and females (Figure 7).
CellphoneDB revealed no significant BMP interactions in males
(Figures 7A–C), although low levels of BMP4 and BMP7 were
observed in male germ cells, suggesting autocrine signaling. In
females, BMP signaling in germ cells is likely to occur through
BMP2 and BMP4, expressed by GRA2 and GRA1, respectively
(Figures 7D–F). Conversely, no inhibin genes were expressed
in female gonads (Figure 7F), but INHA and INHBB were
expressed by SER and INHBA by STR (Figure 7C). Activins
and inhibins are protein dimers made of different combinations
of INHA, INHBA, and INHBB subunits. Heterodimerization of
INHBB and INHA may occur in SER, resulting in the secretion of
inhibin B complex. In STR, dimerization can only occur between
INHBA, resulting in the production of activin A, together
suggesting a strong sex-specific involvement of the TGFβ/BMP
signaling pathway.

The expression of TGFβ/BMP signaling pathway members
revealed high expression of BMP ligand AMH (and its receptor
AMHR2) specifically by SER (Figures 7C,G) and significant
upregulation of several downstream effectors SMADs and target
genes IDs in GONs compared with PGCs in both sexes
(Figures 7G–J). The increased levels of ID and SMAD1 genes in
GONs suggest that BMP signaling may play an important role
during the transition from PGCs to GONs. Expression levels of
SMAD2 and SMAD3, downstream of inhibin/activin signaling,
showed low expression in both PGCs and GONs (Figures 7G,I).

A key event in the activation of TGFβ/BMP signaling
pathway is the nuclear translocation of phosphorylated (p)
SMAD proteins. Therefore, we examined the localization of
pSMAD1/5/9 (SMAD9 is also known as SMAD8) and pSMAD2/3
by immunofluorescence in fetal gonads (Figures 8A,B; control
in Supplementary Figure 3A). First, we analyzed second
trimester gonads that contain both PGCs and GONs. In
male 20 WD gonads, SGONs showed distinct nuclear dots
of pSMAD1/5/9, while immature POU5F1+ PGCs did not
(Figure 8A). In female 18 WD gonads, POU5F1+ PGCs showed
no pSMAD1/5/9, but (premeiotic) OGONs showed varying
levels of nuclear pSMAD1/5/9 (Figure 8A). One reason to
explain the encountered heterogeneity in DDX4+ female germ
cells could be the fact that in females the premeiotic OGON
stage is transient and BMP signaling could be downregulated
upon meiotic entry. Regarding the localization of pSMAD2,
we observed nuclear dots in male and female germ cells and
somatic cells in second trimester gonads (Figure 8A; control
in Supplementary Figures 3A,B). pSMAD3 showed a similar
distribution pattern albeit with lower signal intensity (Figure 8A;
control in Supplementary Figures 3A,B).

Our analysis suggested a pronounced activation of the
TGFβ/BMP signaling pathway during the transition from PGCs
to GONs in both sexes (Figure 8C), validated by nuclear
localization of pSMAD1/5/9 and upregulation of SMAD and ID
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FIGURE 4 | Analysis of MAPK signaling downstream of RTKs in fetal gonads by immunostaining for key (phosphorylated) pathway effectors. (A,B)
Immunofluorescence of phosphorylated (p)-JNK, pERK, or ERK with DDX4 and POU5F1 in fetal testis of 20 weeks development (WD) (A) and fetal ovary of 18 WD
(B). No nuclear pJNK is observed in male (A) or female (B) germ cells. Total ERK levels are greatly increased in GONs of both sexes, but this is not accompanied by
a corresponding increase in nuclear pERK. Yellow boxes indicate zoom-in of a PGC (POU5F1+), and cyan boxes indicate zoom-in of a GON (POU5F1−). Se, St, and
Gr annotate Sertoli, stromal, and granulosa cells, respectively. Scale bar indicates 10 µm. (C) A schematic model of RTK signaling axes in germ cells, representing a
combination of the results from CellphoneDB analysis and differentially expressed gene analysis. Genes upregulated in GONs are depicted in green, while those
upregulated in PGCs are depicted in red. Gray arrows indicate interactions with low mean expression of the ligand.

genes. However, our data suggests that the significant divergence
in terms of TGFβ/BMP ligand production between male and
female gonadal somatic cells may be most relevant to induce sex-
specific somatic differentiation, instead of affecting the transition
from PGCs to GONs in a sex-specific manner.

NOTCH Signaling Ligand–Receptor
Interactions Between Germ Cells and
Gonadal Somatic Cells
Using CellphoneDB, we observed significant interactions
between of NOTCH ligands (DLK1 and DLL3) from germ cells
and NOTCH2 from gonadal somatic cells (Figures 9A–D), in

line with a previous analysis (Li et al., 2017). Hence, based on
the interactions predicted by CellphoneDB, it seems that germ
cells of both sexes may signal toward somatic cells, instead of the
other way around (Figures 9A–D). In the view of these results,
it was surprising to detect a striking sex-specific upregulation
of HEY (HEY1/2) and HES (HES1/5) transcription factors,
which are primary downstream targets of the NOTCH pathway
(Vanorny and Mayo, 2017), in SGONs compared with PGCs
(Figures 9E–H). In addition, SGONs also showed upregulation
of TCF3, encoding a binding partner of HES1 (Ikawa et al., 2006;
Figures 9E,F).

We examined the expression and localization of NOTCH2
(intracellular domain) and HEY1 in fetal gonads by
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FIGURE 5 | Expression of WNT ligand–receptor pairs and downstream pathway effectors in fetal gonads. (A) CellphoneDB analysis of WNT interactions between
different clusters in male fetal gonads. Depicted are −log10 p-values (circle size) and log2 means (circle color) for the interacting pairs, for selected pairwise cluster
combinations. (B) Violin plots of selected WNT-associated ligands and receptors in male germ and somatic clusters. (C) CellphoneDB analysis of WNT interactions
between different clusters in female fetal gonads. (D) Violin plots of selected WNT-associated ligands and receptors in female germ and somatic clusters.
(E) Heatmap showing the expression of genes of interest associated with WNT signaling pathway in male germ and somatic cell clusters. (F) A volcano plot showing
WNT-related genes between PGC and GON clusters in male gonads. Table shows the top 15 differentially expressed genes. Genes in bold are common between
male and female, while genes in italics show divergent regulation. (G) Heatmap showing the expression of genes of interest associated with WNT signaling pathway
in female germ and somatic cell clusters. (H) A volcano plot showing WNT-related genes between PGC and GON clusters in female gonads. Table shows the top 15
differentially expressed genes. Genes in bold are common between male and female, while genes in italics show divergent regulation.

immunofluorescent staining. As expected, NOTCH2 was
detected not only in the membrane of gonadal somatic
cells, particularly male STR (weak staining) (Figure 10A),
but also in female GRA (strong staining) particularly in
the vicinity of OGONs (Figure 10B). Although weaker,
NOTCH2 was also observed in the gonadal somatic cells in
the first trimester, particularly in females (Supplementary
Figures 2F,G). This suggested that NOTCH signaling could

be taking place in the fetal gonads. Interestingly, the nuclear
expression NOTCH target gene HEY1 was ubiquitous in
male and female gonads (Figures 10A,B and Supplementary
Figures 2F,G), but was particularly strong in the somatic
cells including the STR in the second trimester (Figure 10A)
and SER in the first trimester (Supplementary Figure 2F), in
agreement with active NOTCH signaling in gonads in both
sexes (Figure 10C).
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FIGURE 6 | Analysis of WNT signaling effectors and downstream targets in fetal gonads by immunostaining. (A) Immunofluorescence of CTNNB1, SFRP2, or
TCF7L2, with DDX4 and POU5F1 or SOX17 in the first trimester (10 WD, top) or second trimester (20 WD bottom) fetal testis. No nuclear CTNNB1 is observed in
germ cells, suggesting that canonical WNT signaling is not active. SFRP2 expression is age dependent, being expressed in 10-WD PGCs, but not 20-WD PGCs. In
20 WD germ cells, TCF7L2 is upregulated in GONs (POU5F1−). Yellow boxes indicate zoom-in of a PGC (POU5F1+), and cyan boxes indicate zoom-in of a GON
(POU5F1−). Se, St, and Gr annotate Sertoli, stromal, and granulosa cells, respectively. Scale bar indicates 10 µm. (B) Immunofluorescence of CTNNB1, SFRP2, or
TCF7L2, with DDX4 and POU5F1 or SOX17 in the first trimester (9 or 10 WD, top) or second trimester (18 WD, bottom) fetal ovary. Faint staining of CTNNB1 is
observed in some 18-WD GONs, suggesting (modest) activation of canonical WNT signaling. SFRP2 expression is highly upregulated in PGCs compared to GONs,
especially in 18-WD ovary. TCF7L2 is expressed in both PGC and OGONs. (C) A schematic model of active signaling WNT axes in germ cells representing a
combination of results from CellphoneDB analysis and differentially expressed gene analysis. Genes upregulated in GONs are depicted in green, while those
upregulated in PGCs are depicted in red.
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FIGURE 7 | Expression of TGFβ/BMP ligand–receptor pairs and downstream pathway effectors in fetal gonads. (A) CellphoneDB analysis of TGFβ/BMP interactions
between different clusters in male fetal gonads. Depicted are −log10 p-values (circle size) and log2 means (circle color) for the interacting pairs, for selected pairwise
cluster combinations. (B,C) Violin plots of selected TGFβ/BMP-associated ligands and receptors in male germ and somatic clusters. (D) CellphoneDB analysis of
TGFβ/BMP interactions between different clusters in female fetal gonads. (E,F) Violin plots of selected TGFβ/BMP-associated ligands and receptors in female germ
and somatic clusters. (G) Heatmap of expression showing genes of interest associated with TGFβ/BMP signaling pathway in male germ and somatic cell clusters.
(H) A volcano plot showing TGFβ/BMP-related genes between PGC and GON cluster in male gonads. Table shows the top 15 differentially expressed genes. Genes
in bold are common between male and female, while genes in italics show divergent regulation. (I) Heatmap showing the expression of genes of interest associated
with TGFβ/BMP signaling pathway in female germ and somatic cell clusters. (J) A volcano plot showing TGFβ/BMP-related genes between PGC and GON clusters
in female gonads. Table shows the top 15 differentially expressed genes.
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FIGURE 8 | Analysis of TGFβ/BMP signaling in fetal gonads by immunostaining for key (phosphorylated) pathway effectors. (A,B) Immunofluorescence of
phosphorylated (p)-SMAD1/5/9 and pSMAD2/3 with DDX4 and POU5F1 in fetal testis of 20 WD (A) and fetal ovary of 18 WD (B). In the testis, pSMAD1/5/9 is
localized in SGONs, whereas in the ovary, it is localized to a subset of OGONs. In contrast, pSMAD2 and 3 are present in all cell types of both the ovary and testis.
Yellow boxes indicate zoom-in of a PGC, and cyan boxes indicate zoom-in of a GON. Se, St, and Gr annotate Sertoli, stromal, and granulosa cells, respectively.
Scale bar indicates 10 µm. (C) A schematic model of active signaling BMP/TGFβ axes in germ cells representing a combination of results from CellphoneDB analysis
and differentially expressed gene analysis. Genes upregulated in GONs are depicted in green, while those upregulated in PGCs are depicted in red.

DISCUSSION

An analysis of the transition between human PGCs and GONs
and their interaction with the surrounding somatic gonadal tissue
has provided a framework to understand the complex spatial
and temporal relationships during this developmental phase,
considering that sex-specific differentiation has already taken
place in the somatic gonads. In mice, Wnt5A–Ror2 and Kit–
Kitlg are involved in sustaining the motility of migrating PGCs

(Runyan et al., 2006; Gu et al., 2009; Laird et al., 2011). We found
that based on receptor–ligand expression analysis, both these
interactions occur in human gonadal PGCs and GONs (except
KIT–KITLG in SGONs), and thus, these are sustained even
after PGC migration. WNT5A and KITL signaling may induce
motility in germ cells post migration, particularly the inward
movement of female germ cells from the cortex to the ovarian
cords during the transition from PGCs to GONs. In addition
to its role during migration, Kit–Kitlg signaling is essential for
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FIGURE 9 | Expression of NOTCH ligand–receptor pairs and downstream pathway effectors in fetal gonads. (A) CellphoneDB analysis of NOTCH interactions
between different clusters in male fetal gonads. Circle size represents the −log10 (p-value). Depicted are −log10 p-values (circle size) and log2 means (circle color) for
the interacting pairs, for selected pairwise cluster combinations. (B)Violin plots of selected NOTCH receptors and ligands in male germ and somatic clusters.
(C) CellphoneDB analysis of NOTCH interactions between different clusters in female fetal gonads. (D) Violin plots of selected NOTCH receptors and ligands in
female germ- and somatic clusters. (E) Heatmap showing the expression of genes of interest associated with NOTCH signaling pathway in male germ and somatic
cell clusters. (F) A volcano plot showing NOTCH-related genes between PGC and GON clusters in male gonads. Table shows the top 10 differentially expressed
genes. Genes in bold are common between male and female, while genes in italics show divergent regulation. (G) Heatmap showing the expression of genes of
interest associated with NOTCH signaling pathway in female germ and somatic cell clusters. (H) A volcano plot showing NOTCH-related genes between PGC and
GON clusters in female gonads. Table shows the top seven differentially expressed genes.

germ cell survival and proliferation (Matsui et al., 1991; Pesce
et al., 1993), and this could also be the case in human gonadal
germ cells (PGCs and GONs). Of interest, both Wnt5A and Ror2-
deficient mutants showed gonads of reduced in size. A delay
in in meiosis initiation was reported in the ovaries of Ror2
mutants, although this may be a downstream consequence of
faulty migration (Warr et al., 2009; Arora et al., 2016). Moreover,
developmental defects in the testis of Sfrp1/Sfrp2 double mutants
resemble those of Wnt5a mutants (Warr et al., 2009). SFRPs are

traditionally categorized as secreted inhibitors of canonical WNT
signaling (van Loon et al., 2020). Here, we identified SFRP2 as
the highest differentially expressed WNT-related gene during the
transition from PGCs to GONs. Whether SFRP2/WNT5A/ROR2
have a direct role in the transition between PGCs and GONs or
also affect germ cell migration remains to be investigated.

In addition to WNT5A, we also observed the expression of
WNT2B and WNT3 by germ cells (mostly PGCs) and WNT6
by supporting somatic cells. The role of these particular WNT
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FIGURE 10 | Analysis of NOTCH signaling in fetal gonads by immunostaining for NOTCH2 receptor and downstream effector HEY1. (A,B) Immunofluorescence of
NOTCH2 and HEY1 with DDX4 and POU5F1 in fetal testis of 20 weeks development (WD) (A) and fetal ovary of 18 WD (B). NOTCH2 is absent in the testis, but is
highly expressed in female germ cells. HEY1 is present in most cell types of the testis and ovary, suggesting general activation of the NOTCH pathway. Yellow boxes
indicate zoom-in of a PGC, and cyan boxes indicate zoom-in of a GON. Se, St, and Gr annotate Sertoli, stromal, and granulosa cells, respectively. Scale bar
indicates 10 µm. (C) A schematic model of active signaling NOTCH axes in germ cells representing a combination of results from CellphoneDB analysis and
differentially expressed gene analysis. Genes upregulated in GONs are depicted in green, while those upregulated in PGCs are depicted in red.

ligands in mammalian gonad development remains unknown,
but activation of canonical WNT may be taking place during the
transition from female PGCs to GONs. The current paradigm
of mammalian sex determination (in mice) depends on the
antagonistic signaling between the Wnt4/Rspo1/Ctnnb1 axis in
female gonads and the Sox9/Fgf9 axis in male gonads (Vainio
et al., 1999; Chassot et al., 2008; Jameson et al., 2012; Kossack
et al., 2019). Considering this, two aspects of our analysis
on WNT signaling are striking: no expression of WNT4 was
observed in fetal ovaries and no clear differences exist in WNT
ligand expression between the sexes. One possible explanation
for this is that WNT4 is expressed in the ovaries in a brief
time window prior to the sample ages of the analyzed dataset.
Previous reports on WNT4 expression in human fetal ovaries
are conflicting. Two studies reported no difference in WNT4
expression between sexes (Tomaselli et al., 2011; Mamsen et al.,
2017), while another reported WNT4 expression throughout
development in the ovaries but not the testis (Jääskeläinen
et al., 2010). Proof for the role of WNT4/RSPO1 signaling
in sex determination in humans relies on rare genetic defects
that are the result of mutations in the corresponding genes
(Parma et al., 2006; Mandel et al., 2008). Genetically, female
WNT4 or RSPO1-deficient individuals show true sex reversal,
developing male gonadal tissue. By contrast, gonads of Wnt4

or Rspo1 knockout mice show only partial masculinization,
whereby ovarian tissue with oocyte nests is still retained (Vainio
et al., 1999; Chassot et al., 2008). In fact, germ cells in WNT4-
deficient ovaries develop normally until E15.5 and progress into
early stages of meiosis (Chassot et al., 2008). These species-
specific discrepancies suggest that WNT4/RSPO1 signaling may
be important in gonadal development at an earlier time point in
humans when compared to mice. The fact that WNT4-deficient
individuals show defects in multiple organs originating from the
urogenital ridge supports this notion. Our inability to address
these issues experimentally highlights the need for in vitro models
of human gonadal development.

RTK are large class of cell surface receptors that regulate
cell proliferation and differentiation. In addition to KIT–KITLG,
we identified TIMP1–FGFR2 and IGF1–IGFR1 as potentially
active RTK signaling axes during the transition from PGCs
to GONs. TIMP1 is an inhibitor of metalloproteinases that
has been implicated in mammalian follicle maturation and
ovulation (Chaffin and Stouffer, 1999; Stouffer et al., 2007; Stilley
and Sharpe-Timms, 2012). Timp1 deficiency in mice results in
reduced fertility (Nothnick, 2001) and in Caenorhabditis elegans
reduces germ cell numbers and results in sterility (Kubota et al.,
2019). Moreover, IGF/insulin signaling is an established driver
of Sertoli cell proliferation and is required for normal testis
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development in mice (Nef et al., 2003; Pitetti et al., 2013a,b;
Cannarella et al., 2017). Interestingly, the dual conditional
knockout of Insr and Igf1r in DDX4+ germ cells (GONs) did not
prevent their development through spermatogenesis (Pitetti et al.,
2013a); however, the function of Igf1 (and Insr) in the transition
from PGCs to GONs in male embryos was not investigated.

Our examination of total ERK (MAPK1/2) showed a strong
cytoplasmic accumulation specifically in GONs of both sexes.
ERK1 and ERK2 are required for oocyte maturation (Su et al.,
2003; Fan et al., 2009). Moreover, it has been reported that
treatment with RA activates ERK1/2 signaling in mouse OGONs
(12 dpf) and that this is required to upregulate RA-induced
Stra8, a key initiator of meiosis (Kim et al., 2019). The role of
ERK activation in C. elegans germ cells has also been linked
to meiotic progression, inducing phosphorylation of HTP1 (in
human HORMAD1) and SYP-2 (in human SYCEs), which
controls the assembly and maintenance of the synaptonemal
complex (Nadarajan et al., 2016; Das et al., 2020). Should these
mechanisms be conserved in humans, we can speculate that
the increased expression of ERKs observed in GONs serves to
prepare the cells for meiotic entry.

An analysis of the TGFβ/BMP signaling ligands showed a clear
divergence between male and female gonads. GRA produced
BMP2 and BMP4, while activin A (INHBA) and inhibinB
(INHA + INHBB) were produced by STR and SER, respectively.
This fits with the established roles of TGFβ/BMP ligands in
mouse gonad development and sex determination. For example,
activins/inhibins are important for several aspects of (somatic)
testis development (Yao et al., 2006; Archambeault and Yao, 2010;
Mendis et al., 2011). Furthermore, activin A/nodal signaling
leads to the expression of NANOS2 in SGONs, preventing their
progression into meiosis until adulthood (Souquet et al., 2012;
Wu et al., 2013). In female mouse gonads, Wnt4 is required to
induce the expression of Bmp2 (Yao et al., 2004) and suppress
inhibinB (Yao et al., 2006). Knockout of Bmp2 and Bmp4 is
embryonically lethal early in development and has pronounced
effects in PGC specification (Zhang and Bradley, 1996; Lawson
et al., 1999; Ying and Zhao, 2001). However, BMP also plays
an essential role in the transition from mouse PGC-like cells
to DDX4+ GON-like cells (Miyauchi et al., 2017). Of note, we
observed that BMP4 is primarily expressed by pre-granulosa cells,
while BMP2 is expressed in granulosa cells, which is in agreement
with a previous study on BMP expression in human fetal ovaries
(Childs et al., 2010). In male mice, Bmp8A/B and Bmp7 were
shown to be important during postnatal spermatogenesis (Zhao
et al., 1996, 2001); however, effects during the transition between
PGCs and GONs should not be excluded. The presence of
pSMAD1/5/9 in DDX4+ GONs of both sexes is intriguing. We
suggest that the low expression of BMP4/BMP7 in male germ cells
is sufficient to activate the BMP pathway (autocrine) and result in
the upregulation of IDs. Alternatively, the observed activation of
ERK could also contribute to upregulation of IDs (Zhang, 2017).

Regarding the NOTCH signaling pathway, we observed not
only striking NOTCH2 but also HEY and HES expression in
the somatic compartment of the gonads, as described previously
(Li et al., 2017), although HEY1 was also present in PGCs and
GONs of both sexes. Considering the lack of NOTCH2 expression

in SGONs, NOTCH-independent pathways may be responsible
for HEY/HES induction. HEY genes can also be induced by
BMP/SMAD signaling, even in the absence of functional NOTCH
receptors (Zavadil et al., 2004; Sharff et al., 2009; Wöltje et al.,
2015). In human embryonic stem cells, HES1 expression was
found to be under the control of BMP and LIF signaling, instead
of NOTCH (Kobayashi et al., 2009). In addition, the expression
of HES1 can be induced directly by its binding partner E47
(TCF3) (Ikawa et al., 2006), which we found to be enriched in
SGONs. Hence, it is feasible pSMAD1/5/9 activation in GONs
drives expression not only of IDs but also of HEY/HES.

In conclusion, from our molecular analysis of four major
signaling pathways WNT, NOTCH, TGFβ/BMP, and RTK, we
identified highly expressed signaling ligands in fetal gonads.
Of these, WNT5A, WNT6, WNT3, WNT2B, and TIMP1 were
expressed in both male and female fetal gonads and may be
relevant for in vitro germ cell survival and maintenance in
general. When considering sex-specific signaling, we suggest that
to mimic the transition from female PGCs to OGONs in vitro
may require activation of the canonical WNT, activation of the
BMP pathway (with high levels of BMP2/4), and treatment with
KITL. By contrast, the transition from male PGCs to SGONs may
benefit from addition of IGF1 and FGF9 and activation of the
BMP pathway (with low levels of BMP4/7).
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Supplementary Figure 1 | Characterization of different germ cell types in the
gonads. (A) Immunofluorescence of DDX4, NR2F2, and GATA4 in fetal testis
(18 WD) and fetal ovary (19 WD). In testis seminiferous tubes, GATA4+ cells are
identified as SER, whereas outside the tubules, NR2F2 marks stromal cells (STR).
In the fetal ovary, GATA4 marks GRA and NR2F2 marks stromal cells. Dashed
lines depict the boundaries of the seminiferous tubes. Se, St, and Gr annotate
Sertoli, stromal, and granulosa cells, respectively. Scale bar indicates 10 µm. (B)
Immunofluorescence of MAGEA3, POU5F1, and DDX4 in fetal testis (12 WD).
Three male germ cell types can be discerned based on the following expression
pattern: POU5F1+/DDX4Low/MAGEA3−, POU5F1−/DDX4Low/MAGEA3−, and
POU5F1−/DDX4Hi/MAGEA3+, corresponding to PGCs, TGCs, and SGONs,
respectively. Scale bar indicates 10 µm. (C) Immunofluorescence of MAGEA3 and
DDX4 with NANOG or SOX17 in fetal testis (12 WD). TGCs are identified as
NANOG− or SOX17Low/DDX4Low/MAGEA4− germ cells. Note: SOX17 is highly
not only expressed by PGCs but is also expressed at lower levels by TGCs and
SGONs, unlike NANOG and POU5F1, which are PGC-exclusive. Scale bar
indicates 10 µm. (D) Immunofluorescence of MAGEA3, POU5F1, and MKI67 in
fetal testis (18 WD). MAGEA3+ SGONs are always negative for MKI67, whereas
MKI67 staining is observed in POU5F1+ PGCs. Scale bar indicates 10 µ m.

Supplementary Figure 2 | Immunofluorescence for specific signaling pathways.
(A) Immunofluorescence of phospho (p)-p38 MAPK in fetal testis of 20 WD and
fetal ovary of 18 WD, with POU5F1 and DDX4. Yellow boxes indicate zoom-in of a

PGC, and cyan boxes indicate zoom-in of a GON. Few nuclear p-p38 MAPK
puncta are present in germ cells of either sex, whereas staining intensity is higher
in somatic cells, particularly in GRA. Scale bar indicates 10 µm. (B)
Immunofluorescent staining of total ERK in fetal ovary of 18 WD, with PDPN and
DDX4. ERK is enriched in SGONs, and low magnification imaging (scale bar:
5 µm) shows a subcortical population of ERK-enriched germ cells. Scale bar
indicates 10 µm. (C) Immunofluorescence of MAPK signal effectors in the first
trimester 10 WD fetal testis. p-p38 MAPK, pJNK, pERK, or total ERK were
stained, with POU5F1 and DDX4. PGCs were negative for these markers. Scale
bar indicates 10 µm. (D) Immunofluorescence of MAPK signal effectors in the first
trimester 9 or 10 WD fetal ovary. Similar to male PGCs, female first trimester PGCs
were negative for MAPK signal effectors, except for total ERK, which was
observed in DDX4+ OGONs. In addition, a strong pERK signal was present in
somatic cells surrounding the PGCs. Scale bar indicates 10 µm.
(E) Immunofluorescence of SFRP2 18-WD fetal ovary with PDPN and DDX4.
SFRP2 is expressed in PGCs, and low magnification imaging reveals SFRP2
enrichment near the cortex. Scale bar indicates 10 µm in right panels (high
magnification) and 50 µm in left panels (low magnification). (F)
Immunofluorescence of NOTCH2 or HEY1 in the first trimester 10-WD fetal testis
and 9-WD fetal ovary, with POU5F1 and DDX4. NOTCH2 was not present in the
testis but was expressed in female germ cells, albeit with lower intensity. HEY1
was present in the ovary in most cells. In males, HEY1 was more specifically
expressed in somatic cells and largely absent from germ cells. Scale bar
indicates 10 µ m.

Supplementary Figure 3 | Positive controls for antibodies recognizing
phosphorylated proteins. (A) Positive control experiment for antibodies
recognizing phosphorylated proteins. HEK293T cells, cultured with 10% FCS (left
panels), were serum starved for 16 h (middle panels), treated for 30 min with the
indicated growth factors (right panels), and immunostained for the respective
antibodies (pERK, pSAPK/JNK, p-p38MAPK, pSMAD1/5/9, pSMAD2, and
pSMAD3). Scale bars indicate 50 µm. (B) Positive control staining for pSMAD2
and pSMAD3 antibodies on fetal intestine. Nuclear pSMAD2 and pSmad3 were
observed in intestinal endoderm. Scale bars indicate 50 µ m.
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Hypoxia-inducible factor 1α (HIF-1α) plays pivotal roles in maintaining pluripotency, and
the developmental potential of pluripotent stem cells (PSCs). However, the mechanisms
underlying HIF-1α regulation of neural stem cell (NSC) differentiation of human induced
pluripotent stem cells (hiPSCs) remains unclear. In this study, we demonstrated that
HIF-1α knockdown significantly inhibits the pluripotency and self-renewal potential
of hiPSCs. We further uncovered that the disruption of HIF-1α promotes the NSC
differentiation and development potential in vitro and in vivo. Mechanistically, HIF-
1α knockdown significantly enhances mitofusin2 (MFN2)-mediated Wnt/β-catenin
signaling, and excessive mitochondrial fusion could also promote the NSC differentiation
potential of hiPSCs via activating the β-catenin signaling. Additionally, MFN2 significantly
reverses the effects of HIF-1α overexpression on the NSC differentiation potential and
β-catenin activity of hiPSCs. Furthermore, Wnt/β-catenin signaling inhibition could also
reverse the effects of HIF-1α knockdown on the NSC differentiation potential of hiPSCs.
This study provided a novel strategy for improving the directed differentiation efficiency
of functional NSCs. These findings are important for the development of potential clinical
interventions for neurological diseases caused by metabolic disorders.

Keywords: induced pluripotent stem cells, hypoxia-inducible factor 1α, mitofusin2, differentiation, neural stem
cells

INTRODUCTION

Pluripotent stem cells (PSCs) undergo unlimited self-renewal and hold the potential to differentiate
into various cell types in the three germ layers (Ying et al., 2008; Ding et al., 2015).
Terminally differentiated somatic cells and adult stem cells (ASCs) can be reprogrammed
into induced pluripotent stem cells (iPSCs) via the classic “Yamanaka factors” transfection
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(Takahashi and Yamanaka, 2006), thus providing new hope for
the development of regenerative medicine and patient-refractory
cell therapy (Gintant et al., 2017; Nakajima et al., 2018; Blau and
Daley, 2019; Rowe and Daley, 2019). During the pluripotency
maintenance, differentiation, and reprogramming of iPSCs,
transcription factors, epigenetic modifications, mitochondrial
characteristics, and metabolic pattern transitions play a vital
role (Pan and Thomson, 2007; Wang T. et al., 2011; Guo
et al., 2017). Stem cells with different pluripotency tend to
use different metabolic pathways to maintain their normal life
activities. To some extent, PSCs, including embryonic stem cells,
iPSCs, and ASCs, possess high glycolytic activity to meet the
adenosine-triphosphate (ATP) requirements, whereas terminally
differentiated cells rely on oxidative phosphorylation (OXPHOS)
for energy metabolism (Wanet et al., 2015). Recent studies
have indicated that the different metabolic patterns of PSCs are
closely related to self-renewal and the initial cell fate decision,
and during differentiation into somatic cells, the metabolic
patterns change from aerobic glycolysis to OXPHOS (Teslaa and
Teitell, 2015). However, the changes in metabolic and regulatory
mechanisms involved in human induced pluripotent stem cell
(hiPSC) differentiation into ASCs, such as neural stem cells
(NSCs), remain unclear.

Hypoxia is vital to maintain the cell metabolic balance
and embryonic development (Mohyeldin et al., 2010), and is
considered a key feature of the stem cell niche (Suda et al.,
2011), and is beneficial for hiPSCs and ASCs (Ezashi et al.,
2005; Simsek et al., 2010; Stegen et al., 2019). Hypoxia-inducible
factor 1α (HIF-1α) is an important transcription factor that
allows stem cells to adapt to hypoxic environments and maintain
pluripotency and developmental potential. Numerous reports
have shown that HIF-1α activates genes involved in pluripotency
and metabolism to maintain the functional transition of stem
cells (Takubo et al., 2010; Mathieu et al., 2014; Wang Y. et al.,
2011). Research into the regulatory mechanisms underlying HIF-
1α activity in PSCs will thus provide new insight into stem cell
biology under hypoxia.

Mitochondria exist in an equilibrium wherein their
morphology is constantly altered to participate in cell
metabolism, proliferation, differentiation, cell cycle, intracellular
calcium balance, apoptosis, and aging (Li et al., 2017; Seo et al.,
2018; Dong et al., 2020). The balance of mitochondrial dynamics
depending on the chronological regulation of mitochondrial
fusion and fission proteins plays extremely pivotal roles in tissue
formation and embryonic development (Chen et al., 2003).
Imbalances in mitochondrial dynamics lead to the disturbed
development of NSCs during neurogenesis (Züchner et al., 2004;
Misko et al., 2012). Clinically, the dysregulation of mitochondrial
dynamics has also been closely linked to many neurological
degenerative diseases, including Alzheimer disease (AD) and
Parkinson disease (PD) (Deng et al., 2008; Yang et al., 2008;
Burte et al., 2015). As a mitochondrial fusion protein, mitofusin2
(MFN2) knockdown results in mitochondrial functional
network disorders, diabetic cardiomyopathy and sarcopenia
(Sebastián et al., 2016; Hu et al., 2019), and hinders neuronal
differentiation and synapse formation (Lee et al., 2012; Fang
et al., 2016). Knowledge regarding the impact of mitochondrial

dynamics on hiPSC function is limited. Some data show that
mitochondrial morphology and bioenergetics undergo opposite
and reversible conversions during hiPSC reprogramming and
differentiation (Son et al., 2015; Wanet et al., 2015; Prieto et al.,
2016). Recent studies have indicated that mouse iPSCs with
different developmental potential express different levels of
mitochondrial proteins, and the imbalance of mitochondrial
dynamics seriously affects the differentiation and developmental
potential of mouse iPSCs. Mitochondrial fission factor (MFF)
affects the developmental potential of mouse iPSCs by regulating
the calmodulin pathway-mediated ubiquitination degradation of
β-catenin (Zhong et al., 2019).

Whereas it has been established that mitochondrial metabolic
disorders can affect the balance of mitochondrial dynamics,
the molecular mechanism through which mitochondrial
metabolism affects hiPSC differentiation into NSCs by regulating
mitochondrial dynamics is unclear. In this study, we aimed
to explore the effects of HIF-1α on hiPSC pluripotency,
self-renewal, and metabolic potential, by investigating the
mitochondrial membrane potential (19m) and intracellular
reactive oxygen species (ROS). Moreover, we determined
that HIF-1α knockdown promotes the NSC differentiation by
enhancing MFN2-mediated β-catenin signaling. Meanwhile,
MFN2 could further reverse the effects of HIF-1α on the NSC
differentiation efficiency and β-catenin expression of hiPSCs.
Moreover, Wnt/β-catenin signaling inhibition could reverse
the effects of HIF-1α knockdown on the NSC differentiation
potential of hiPSCs.

MATERIALS AND METHODS

hiPSCs Culture
The hiPSCs were a gift from Guangzhou Institutes of
Biomedicine and Health, Chinese Academy of Sciences,
which were cultured in mTesR1 complete medium (85850, STEM
CELL Technologies) on the diluted Matrigel (354277, Corning).
In brief, primed hiPSCs were required to be replaced with fresh
medium every days, and were subcultured to small monolayer
clones once every 4 days by 0.5 mM ethylenediaminetetraacetic
acid (EDTA) (15575020, Thermo Fisher Scientific) digestion in a
37◦C incubator for 3 min.

Establishment of Gene-Modified hiPSCs
Cell Lines
Hypoxia-inducible factor 1α and MFN2 overexpression/short
hairpin RNA (shRNA) plasmids were purchased from Hanbio
Biotechnology. Resistance gene-linked overexpression or shRNA
plasmids, pMD2.G and pSPAX2 lentiviral packaging plasmid
were co-transfected into HEK293T cells using LipofectamineTM

3000 (L3000015, Thermo Fisher Scientific) in a ratio of 1: 2: 3.
The culture supernatant containing virus particles was collected
and slowly filtered into a virus ultrafiltration tube to concentrate
the lentivirus at 48 and 72 h after transduction. hiPSCs with 30%
confluence in logarithmic growth phase were infected with equal
amounts of target and non-target control (NC) lentivirus with
6 mg/mL polybrene (sc-134220, Santa Cruz) in half the amount of
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medium. The medium was added to 2 ml in the six-well plate, and
replaced by the fresh mTesR1 24 h after infection. The lentivirus-
treated hiPSCs were screened with 10 µg/mL Blasticidin S (BSD;
B9300, Solarbio) and 1 µg/mL Puromycin (PURO; ant-pr-5,
Thermo Fisher Scientific) for positive viable cell line. After
2 weeks of screening, the overexpressed and knockdown hiPSCs
were expanded, and verified the gene expression by quantitative
RT-PCR (qRT-PCR) and western blot.

Cell Proliferation Assay
Human induced pluripotent stem cells in logarithmic growth
phase were digested into single cells with Accutase (A1110501,
Thermo Fisher Scientific) in a 37◦C incubator for 3 min,
and were seeded into the Matrigel-coated 96-well plates at a
density of 5000 cells per well. The assayed hiPSCs were cultured
with complete mTesR1 medium mixed 10 µM ROCK inhibitor
(Y27632; A1110501, STEM CELL Technologies) for the initial
24 h, and removed it after 24 h. The OD value reflecting cell
proliferation was detected by fully automatic microplate reader
(Thermo Fisher Scientific) after cell counting kit-8 (CCK8)
(PA584814, Thermo Fisher Scientific) treatment for 4 h on day
1–5, respectively.

Clonogenic Assay
Clonogenic assays of NC and genetically modified hiPSCs were
performed in the state of single cell growth. 2000 single cells
were seeded into a twelve-well plate with pre-coated Matrigel in
mTeSR1 medium supplemented with 10 µM Y27632 on first day,
and all the non-adherent dead cells were removed by changing
into the fresh mTeSR1 medium without Y27632 on the next
day. hiPSCs cultured for 7 days were stained with Alkaline
Phosphatase (AP) Assay Kit (C3206, Beyotime), photographed
and counted the number and sizes of colonies.

AP Staining
Human induced pluripotent stem cells were subcultured and
fixed with 4% of (w/v) paraformaldehyde for 15 min at room
temperature, and cells were rinsed with D-PBS for three times,
and then incubated with BCIP/NBT at 37◦C for 20 min in
37◦C incubator. BCIP/NBT was removed and fresh D-PBS was
added. The AP performance of hiPSCs was analyzed by confocal
microscopy. For the detection of AP activity, 5 × 105 cells were
fully lysed by the cell lysis buffer, and were resuspended with
50 µL of D-PBS, and 50 µL of chromogenic substrate wad
added into the cell suspension. The mixture was incubated at
37◦C incubator for 15 min. The AP activity was detected by a
microplate reader at the wavelength of 405 nm. AP staining and
activity were performed using the Alkaline Phosphatase Assay Kit
(C3206, Beyotime) according to the manufacturer’s protocol.

Immunofluorescence Staining
Cell samples were fixed for 20 min in 4% (w/v) paraformaldehyde
(0.01 mol/L, pH 7.4) (1.43904.0500, Merck Millipore) at room
temperature (RT), and permeabilized with 0.1% Triton X-100
(V900502, Sigma) in D-PBS for 20 min at RT, and then blocked
with 2% BSA (A1933, Sigma) for 1 h after washing with D-PBS

for three 5 min, followed by incubating with primary antibodies,
were purchased from CST, against MFN2 (1:100, 11925S, CST),
β-catenin (1:100, 8480T, CST), Nestin (1:200, 33475S, CST), and
PAX6 (1:3200, 60433S, CST) at 4◦C overnight. On next day,
cells were incubated with Alexa Fluor fluorescent tag-conjugated
secondary antibodies diluted in 2% BSA for 1 h at RT after three
5 min washes in D-PBS. Nuclei were stained with 10 mg/mL
Hoechst 33342 (DH164-1, Sigma) for 5 min at RT and protected
from light. Cells were imaged by a laser scanning confocal
microscope (Zeiss LSM 780) immediately after three washes
with D-PBS.

Measurement of Mitochondrial
Membrane Potential (19m)
The cationic fluorescent dye tetramethylrhodamine methyl ester
(TMRE) (HY-D985A, MCE), as a mitochondrial probe, was used
for monitoring the mitochondrial 19m in living cells. TMRE
was diluted with DMSO (0.5 mM stock solution) and added to
the mTesR1 medium with a final concentration of 50 nM. hiPSCs
were rinsed with D-PBS for three 5 min and then incubated with
TMRE working solution at 37◦C for 20 min, TMRE was removed
and rinsed with D-PBS the fresh mTesR1 complete medium
was supplemented. 19m of hiPSCs was analyzed by confocal
microscopy and flow cytometry immediately.

Measurement of ROS
MitoSox Red (40778ES50, YEASEN), as a fluorogenic dye for
the highly selective detection of superoxide in mitochondria,
was used to measure the mitochondrial ROS production of
hiPSCs. hiPSCs were rinsed with D-PBS and incubated with
5 mM MitoSox Red for 20 min at 37◦C. Nuclei were stained
with 10 mg/mL Hoechst 33342 for 5 min in the dark after
three washes with D-PBS, and the ROS production of hiPSCs
was analyzed by confocal microscopy. Additionally, intracellular
oxidative stress of hiPSCs was determined based on the oxidation
of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (AAT-
15204, AAT Bioquest). Cells were treated similarly to MitoSox
Red staining assays, and incubated with 10 mM DCFH-DA for
30 min at RT. After the dyes were loaded, hiPSCs were digested
and collected to analyze the ROS production by flow cytometry.

Determination of ATP Levels
Intracellular ATP levels were measured by the ATP assay
kit (AAT-15204, Abnova). 1 × 104 hiPSCs were seeded in
white opaque microplates. After 24 h, the culture medium
was removed and changed into the Reconstituted Reagent
(95 µL Assay Buffer with 1 µL Substrate and 1 µL ATP
enzyme); 90 µL of Reconstituted Reagent was added to each
well, and ATP production was measured on a Luminometer
(Promage) within 1 min.

Quantitative RT-PCR (qRT-PCR)
Quantitative RT-PCR was performed as previously described
(Zhong et al., 2019). Total RNA was isolated using Trizol reagent
(15596026, Thermo Fisher Scientific), and then RNA was reverse
transcribed to cDNA using Evo M-MLV RT Kit with gDNA Clean
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(15596026, Accurate Biotechnology). qRT-PCR was performed
using SYBR R© Green Premix Pro Taq HS qPCR Kit (AG11701,
Accurate Biotechnology) on the iCycler Real-time System (Bio-
Rad). The reaction conditions were 95◦C for 3 min, followed
by 45 cycles at 95◦C for 30 s and 60◦C for 30 s. All reactions
were run in triplicates and the details of primers are listed in
Supplementary Table.

Western Blot Analysis
Western blot was performed according to the previous study
(Zhong et al., 2019). Monoclonal Primary antibodies at the
different dilutions were used as follows: HIF-1α (1:1000, 610958,
BD), Nanog (1:1000, 3580S, CST), OCT4 (1:1000, 2750S,
CST), MFN2 (1:1000, 11925S, CST), WNT3a (1:1000, A0642,
ABclonal Technology), WNT5a (1:1000, A19133, ABclonal
Technology), GSK-3A(1:1000, A19060, ABclonal Technology),
GSK-3β (1:1000, A11731, ABclonal Technology), β-catenin
(1:1000, 8480T, CST), β-actin (1:1000, 4967L, CST), and COX IV
(1:1000, 4850T, CST).

Embryoid Body (EB) Formation Assay
Embryoid body (EB) formation assay was performed according to
the previous study (Zhang et al., 2018). hiPSCs in the logarithmic
growth phase were rinsed once with D-PBS, and then digested
into large clones with 1 mg/mL dispase II (D4693, Sigma) for
15 min in a 37◦C incubator. Cells were collected and centrifuged
by low-speed centrifugation at 500 rpm for 3 min. After rinsing
with DF12 and centrifugation, the supernatant was removed and
the clone masses were resuspended in EB medium supplemented
with 10 µM Y27632 by a 5 ml pipette, and inoculated into
low-adherent cell culture dishes. Y27632 was added into the
EB medium for the first 24 h to ensure a high survival rate of
the cells. EB medium was changed every other day by natural
precipitation in a 37◦C incubator, and EBs samples were collected
on day 2, 4, and 6.

Teratoma Formation Assay
For teratoma formation of hiPSCs in immunodeficient mice,
3 × 106 hiPSCs were harvested according to the method of
EB formation assay. Finally, the cell masses were rinsed with
D-PBS and suspended in D-PBS with 30% Matrigel, and then
100 µL cell suspension was subcutaneously injected into each
hind leg of the severe combined immunodeficiency (SCID) mice
of 5–6 weeks old under a sterile stereo microscope. The teratomas
were recovered 40 days after transplantation. About 40 days
later, the SCID mice were euthanized and the teratomas were
weighed, fixed, sliced, and stained using monoclonal antibodies
(Nestin and PAX6) of NSCs, and stained with hematoxylin and
eosin (H&E) for histological analysis. Teratomas were examined
following the guidelines and regulations of the Institutional
Animal Care and Use Committee (IACUC).

Mito Tracker Staining
Human induced pluripotent stem cells were seeded on Matrigel-
coated coverslips. As the cells proliferated to the logarithmic
growth phase after 2 days, the cells were incubated with

a pre-warmed staining working solution containing 50 nM
MitoTracker Green (C1048, Beyotime) at 37◦C for 30 min. After
rinsing with D-PBS, cells were fixed with 4% paraformaldehyde
(PFA) and stained with 10 mg/mL Hoechst 33342 for 5 min in
the dark. Images were analyzed by confocal microscopy. The
acquisition and assessment of images were performed in random
order using ZEN microscope imaging software.

EB-Derived NSC Differentiation
About 500 EBs spontaneously differentiated on day 6 were
inoculated into Matrigel-plated six-well plates at a suitable
density. On the next day, EB medium was replaced with NSC
pre-differentiation medium supplemented with 20 ng/ml basic
fibroblast growth factor (bFGF) (AF-100-18C, Peprotech). The
medium was changed every other day. In the third generation,
cell medium was changed to the completed differentiation
medium supplemented with 20 ng/ml bFGF and 20 ng/ml
epidermal growth factor (EGF) (AF-100-15, Peprotech). When
obvious rosettes appeared in the culture dish, cells were collected
for NSC markers identification by immunofluorescence staining.

Small Molecules Induced NSC
Differentiation
Small molecules induced NSC differentiation was performed
using the protocol from Dr. Ding (Li et al., 2011). hiPSCs at about
30% confluence were treated with 2 µM SB431542 (72232, STEM
CELL Technologies), 3 µM CHIR99021 (HY-10182, MCE),
0.1 µM Compound E (HY-14176, MCE) in NSC differentiation
induction media containing DMEM/F12:Neurobasal (1:1),
1 × N2 (17508-048, Thermo Fisher Scientific),1 × B27
(17504044, Thermo Fisher Scientific), 1% Glutmax, 5 µg/mL
BSA and 10 ng/mL hLIF (8911, CST), for 7 days. Pre-induced
hiPSCs were split 1:3 for the next three passages using Accutase
and then replaced with NSC differentiation induction media
supplemented with 2 µM SB431542 and 3 µM CHIR99021 on
Matrigel-coated plates. After six passages, the NSCs were split
1:10 every 5 days. NSCs after two-step induction were collected
for NSC markers identification by immunofluorescence staining.
During the initial few passages, 10 µM Y27632 was required to
supplement to enhance cell survival.

Statistical Analysis
Throughout the paper, p values were calculated with Student’s
t test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. hiPSCs (CON)
or HIF-1α NC hiPSCs or MFN2 NC hiPSCs, and #p < 0.05,
##p < 0.01, ###p < 0.001 vs. HIF-1α OE hiPSCs or HIF-
1α sh hiPSCs. Scale bars show the SEM of at least three
separate experiments.

RESULTS

HIF-1α Regulates hiPSC Mitochondrial
Metabolism and Dynamics
As described previously, HIF-1α knockdown significantly
decreased AP activity, self-renewal ability and mitochondrial
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metabolic performance of hiPSCs (Cui et al., 2020). Next, we
also detected the effects of HIF-1α on proliferation ability of
hiPSCs using clonogenic assays. The results further revealed that
HIF-1α knockdown significantly inhibited the colony formation
ability and the self-renewal ability of hiPSCs (Figure 1A).
Additionally, the expression of glycolytic and OXPHOS markers,
such as lactate dehydrogenase A (LDHA) and Cytochrome c
oxidase subunit 7a1 (COX7a1), was examined, and the results
showed that HIF-1α knockdown significantly reduced glycolytic
activity and significantly increased the OXPHOS activity in
hiPSCs (Figure 1B).

Subsequently, the effects of HIF-1α modification on
mitochondrial dynamics were assessed. The results showed
that HIF-1α significantly disrupted the balance of mitochondrial

dynamics. Notably, HIF-1α knockdown significantly enhanced
the expression of the mitochondrial fusion protein MFN2,
as demonstrated by qRT-PCR, western blot analysis, and
immunofluorescence staining (Figures 1C–E).

HIF-1α Regulates the NSC Differentiation
Potential of hiPSCs in vivo and in vitro
As the results showed (Figure 1) that HIF-1α significantly
inhibited the expression of MFN2 which has previously been
reported to influence neural differentiation (Lee et al., 2012;
Misko et al., 2012; Fang et al., 2016), we thus examined the
effects of HIF-1α on the NSC differentiation potential of hiPSCs
in vitro and in vivo. EB formation assays, simulating early human

FIGURE 1 | Hypoxia-inducible factor 1α (HIF-1α) regulates hiPSC pluripotency self-renewal and mitochondrial dynamics. (A) Clonogenic assays, formation efficiency
and colony diameter statistics of HIF-1α-modified hiPSCs. Scale bars, 100 mm. (B) Expression of glycolytic and OXPHOS markers (LDHA and COX7a1) at mRNA
level. (C–E) qRT-PCR, western blot and immunofluorescence staining showed the expression levels of mitochondrial dynamic proteins of HIF-1α-modified hiPSCs.
Scale bars, 20 mm. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. HIF-1α NC hiPSCs. (Student’s t test). All data are representative of three independent experiments.
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embryo development in vivo up to a point, were carried out.
As described previously, HIF-1α knockdown could damage
EB morphology and formation efficiency (Cui et al., 2020),
indicating that HIF-1α knockdown significantly disturbed
the spontaneous differentiation potential of hiPSCs. Then,
EBs that were differentiated to the ninth day were adhered
to Matrigel for 48 h, and the results of Mito tracker staining
showed that the mitochondrial morphology of differentiated
cells from HIF-1α OE hiPSCs tended to be fragmented, whereas
differentiated cells from HIF-1α sh hiPSCs tended to be elongated

(Figures 2A,B). Furthermore, the adherent differentiated culture
medium was adjusted to NSC induction medium containing
bFGF and EGF, and it was observed that HIF-1α knockdown
significantly improved the spontaneous differentiation efficiency
of NSCs, whereas HIF-1α overexpression significantly inhibited
the spontaneous differentiation (Figure 2C). After the
HIF-1α-modified hiPSCs were continuously cultured for
13 days in medium without factors to maintain pluripotency,
HIF-1α sh hiPSCs spontaneously differentiated into neural-
like cells, whereas the same phenomenon did not occur in

FIGURE 2 | Hypoxia-inducible factor 1α (HIF-1α) regulates the NSC differentiation potential of hiPSCs in vivo and in vitro. (A,B) Mito tracker staining showed the
mitochondrial morphology of differentiated cells from HIF-1α-modified hiPSCs, red arrows, fragmented mitochondrias; asterisk, elongated mitochondria. Scale bars,
200 mm. (C) The cell morphology of the adherent EBs from HIF-1α-modified hiPSCs with NSC differentiation medium. Scale bars, 100 mm. (D) The cell morphology
of HIF-1α-modified hiPSCs after continuously culturing for 13 days in medium without factors to maintain pluripotency. (E,F) Expression of Nanog and NSC markers
(PAX6 and Nestin) by the directed inducing of small molecule inhibitors. Scale bars, 20 mm. (G) Immunohistochemical staining showed the expression levels of NSC
markers (PAX6 and Nestin) of teratomas derived from HIF-1α-modified hiPSCs. Scale bar, 100 µm. ∗P < 0.05, ∗∗P < 0.01 vs. HIF-1α NC hiPSCs. (Student’s t test).
All data of qRT-PCR are representative of three independent experiments.
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HIF-1α OE hiPSCs (Figure 2D). This indicated that HIF-1α

knockdown activated the neural differentiation signaling in
hiPSCs under specific conditions. Subsequently, by using small
molecule inhibitors that regulate neural differentiation signals
to orient hiPSCs to NSCs, the results showed that HIF-1α

knockdown promoted the directional differentiation potential
of NSCs, whereas HIF-1α overexpression inhibited the directed
differentiation potential (Figures 2E,F).

To determine whether HIF-1α could regulate the
neurodevelopment of hiPSCs in vivo, the teratoma
formation assay was performed in the SCID mice. The
immunohistochemical analysis results of NSC markers
(PAX6 and Nestin) verified the effects of HIF-1α on the NSC
differentiation and development of hiPSCs in vivo (Figure 2G).
These results indicated that HIF-1α significantly influenced the
neurodevelopment tendency of hiPSCs by regulating a series of
metabolic programs and development-related genes.

MFN2 Affects the NSC Differentiation
Potential of hiPSCs by Regulating
β-Catenin
Mitofusin2, a vital protein that regulates mitochondrial fusion
and metabolism, also plays a pivotal role in neural differentiation
and neurodegenerative diseases (Burte et al., 2015; Fang et al.,
2016). To determine whether HIF-1α affects NSC differentiation
by regulating MFN2 signaling, we investigated the effects of
MFN2 on the NSC differentiation potential of hiPSCs. MFN2
overexpression and knockdown hiPSC cell lines (MFN2 OE and
MFN2 sh hiPSCs, respectively) were established (Supplementary
Figures 1A, 3A,B), and these had stable genetic properties in vitro
(Supplementary Figure 1B). The results of qRT-PCR, western
blot analysis, and AP activity detection showed that MFN2 has no
significant effects on the pluripotency of hiPSC (Figure 3A,B and
Supplementary Figure 1C). The results of CCK8 and clonogenic
assays showed that MFN2 overexpression significantly reduced
the self-renewal potential and clone formation efficiency of
hiPSCs (Supplementary Figures 1D,E). Next, we tested the
effects of MFN2 on mitochondrial characteristics and energy
metabolism using the same methods described previously herein,
and the results showed that MFN2 overexpression significantly
reduced the 19m of hiPSCs (Supplementary Figures 1F,G),
and that MFN2 knockdown significantly decreased the degree
of oxidative stress and intracellular ATP content in hiPSCs
(Supplementary Figures 1H,K).

To verify the effects of MFN2 modification on the
NSC differentiation potential of hiPSCs, spontaneous EB
differentiation assays were performed. The results showed that
EBs formed by MFN2 OE hiPSCs were more irregular than
those of MFN2 sh and MFN2 NC hiPSCs (Figure 3C), and
that MFN2 overexpression significantly reduced EB formation
efficiency and the diameter of hiPSCs (Figures 3D,E). Then, EBs
differentiated to the ninth day were allowed to adhere, and the
results of Mito tracker staining showed that the mitochondrial
morphology of differentiated cells from MFN2 OE hiPSCs
tended to be elongated, whereas differentiated cells from
MFN2 sh hiPSCs tended to be fragmented (Figures 3F,G). The

results of cell morphology and immunofluorescence with NSC
markers of adherent EB cells showed that MFN2 overexpression
significantly promoted the spontaneous differentiation of NSCs,
while MFN2 knockdown significantly inhibited the spontaneous
differentiation (Figure 3H and Supplementary Figure 2A).
Meanwhile, we detected the effect of MFN2 modification on
the NSC differentiation potential of hiPSCs through the NSC
directed differentiation by small molecule inhibitor inducing,
The results of qRT-PCR and immunofluorescence showed that
MFN2 overexpression significantly increased the expression
of NSC markers and the tendency of NSC differentiation
(Figures 3I,J). In order to more accurately identify the effect of
MFN2 modification on NSC differentiation and pluripotency
during NSC differentiation, we examined the effect of MFN2
modification on the Nanog expression of hiPSCs 4 days before
differentiation, and identified the expression of NSC markers
at day 14 and 16 after differentiation. The results showed that
MFN2 overexpression significantly accelerated the decrease of
pluripotency levels of hiPSCs during differentiation, while MFN2
knockdown significantly delayed the decrease of pluripotency
levels (Supplementary Figure 2B). The results of longer
differentiation showed no significant change in the expression of
NSC Markers (PAX6/Nestin) at day 12 and 16 (Supplementary
Figure 2B). Therefore, the 12-day cycle was sufficient to complete
the differentiation process of hiPSCs into NSC. Meanwhile, we
also examined the changes in the expression of MFN2 at mRNA
and protein levels during NSC differentiation. The results
showed that the expression of MFN2 was significantly increased
with the progression of NSC differentiation (Supplementary
Figures 2C,D), and the mitochondrial fusion kinetics was
significantly enhanced.

In our previous study, excess mitochondrial fission impaired
pluripotency, germ layer differentiation, and embryonic
development potential by regulating the ubiquitin-mediated
proteasomal degradation of β-catenin protein (Zhong et al.,
2019). However, the mechanisms of whether HIF-1α-dependent
energy metabolism could affect the NSC differentiation potential
of hiPSCs by regulating mitochondrial fusion-mediated
Wnt/β-catenin signaling remain elusive. The aforementioned
results revealed that HIF-1α affected the NSC differentiation
potential of hiPSCs via the regulation of MFN2 protein levels.
The effects of HIF-1α/MFN2 on β-catenin expression were also
investigated by western blot analysis and immunofluorescence
staining, and the results showed that MFN2 significantly
increased the level of β-catenin protein (Figures 3K,L),
whereas HIF-1α, an upstream regulator of MFN2, significantly
reduced the protein levels of β-catenin (Figures 3M,N).
Therefore, the HIF-1α/MFN2/β-catenin axis plays a vital role
in the pluripotency, self-renewal, and NSC differentiation
potential of hiPSCs.

MFN2 Reverses the Effects of HIF-1α

Overexpression on the NSC
Differentiation Potential of hiPSCs
Whether MFN2 could alleviate or rescue the effects on the
NSC differentiation and β-catenin expression in hiPSCs was
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FIGURE 3 | Mitofusin2 (MFN2) affects the NSC differentiation potential of hiPSCs by regulating β-catenin. (A,B) Expression of MFN2, Nanog, and OCT4
(pluripotency markers) at mRNA and protein levels, and the bar chart showed the protein levels. β-actin and COX IV were used as control. (C) EBs morphology of
MFN2-modified hiPSCs. Scale bars, 100 mm. (D,E) Bar graphs showed the EB formation efficiency (D) and the diameters of EBs (E). (F,G) Mito tracker staining
showed the mitochondrial morphology of differentiated cells from MFN2-modified hiPSCs, red arrows, fragmented mitochondria; asterisk, elongated mitochondria.
Scale bars, 200 mm. (H) The cell morphology of the adherent EBs from MFN2-modified hiPSCs under NSC differentiation medium. Scale bars, 100 mm. (I,J)
Expression of Nanog and NSC markers (PAX6 and Nestin) by directed inducing of small molecule inhibitors. Scale bars, 20 mm. (K,L) Western blot and
immunofluorescence showed the expression levels of β-catenin in MFN2-modified hiPSCs. Scale bars, 20 mm. (M,N) Western blot and immunofluorescence
showed the expression levels of β-catenin in HIF-1α-modified hiPSCs. Scale bars, 20 mm. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. HIF-1α NC hiPSCs. (Student’s t
test). All data of qRT-PCR are representative of three independent experiments.
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investigated. Based on HIF-1α overexpression, we further
overexpressed MFN2 and established a stable cell line (DOE
hiPSCs, Figures 4A,B). To further determine whether MFN2
could reverse the effects of HIF-1α overexpression on the
NSC differentiation potential of hiPSCs, we performed EB
spontaneous differentiation and small molecule inhibitor-
induced NSC-directed differentiation assays on hiPSCs. The
results showed that MFN2 overexpression significantly inhibited
the EB status, formation ability and diameter of HIF-1α OE
hiPSCs (Figures 4C–E), and qRT-PCR and immunofluorescence
analysis showed that MFN2 overexpression significantly
increased the efficiency and tendency of NSC spontaneous and
directed differentiation of HIF-1α OE hiPSCs (Supplementary
Figures 4F–H and Supplementary Figure 3). Furthermore,
western blot analysis and immunofluorescence staining revealed
that MFN2 overexpression could promote β-catenin expression
in HIF-1α OE hiPSCs (Figures 4I,J). These results suggested that
excessive mitochondrial fusion could reverse the effects of HIF-
1α overexpression on self-renewal, mitochondrial metabolism,
and β-catenin expression in hiPSCs, and could further improve
the NSC differentiation potential of HIF-1α OE hiPSCs.

Wnt/β-Catenin Signaling Inhibition
Reverses the Effects of HIF-1α

Knockdown on the NSC Differentiation
Potential of hiPSCs
To further determine whether Wnt/β-catenin signaling
inhibition could reverse the effects of HIF-1α knockdown
on the NSC differentiation potential of hiPSCs. We identified
the effects of different concentrations of Wnt/β-catenin signaling
inhibitor XAV939 on the expression of Wnt/β-catenin-related
signaling proteins (WNT3a, WNT5a, GSK-3β, β-catenin, Cyclin
D1, Axin1, and DKK1) in hiPSCs, and the results showed
that XAV939 at a concentration of 1 µM could significantly
inhibit the expression of Wnt/β-catenin-related signaling
proteins (WNT3a, WNT5a, GSK-3β, and β-catenin) in hiPSCs
after 6 days of culturing (Figure 5A). In order to detect the
effects of Wnt signaling pathway inhibitor XAV939 on the
pluripotency and self-renewal potential of hiPSCs, the results
of CCK8 assay, Western blot assay and clone formation assay
showed that 1 µM XAV939 significantly inhibited the self-
renewal, pluripotency and clone formation ability of hiPSCs
(Supplementary Figures 4A–E). These results indicated that
Wnt signaling pathway plays an extremely important role in the
biological characteristics of hiPSCs. Previous research has shown
that self-renewal of stem cells is maintained in the absence of
β-catenin (Lyashenko et al., 2011). Hence, other key proteins in
the Wnt signaling pathway may play a pivotal role in stem cell
self-renewal and maintenance of pluripotency. Meanwhile, we
detected the effect of HIF-1α modification on the expression of
Wnt/β-catenin-related signaling proteins. The results showed
that HIF-1α knockdown significantly increased the expression
of Wnt/β-catenin-related signaling proteins, while HIF-1α

overexpression significantly inhibited Wnt/β-catenin signaling
(Figure 5B). Furthermore, we performed EB spontaneous

differentiation and small molecule inhibitor-induced NSC-
directed differentiation assays on hiPSCs. The results showed
that XAV939 significantly affected the EB status, formation ability
and diameter of HIF-1α NC and HIF-1α sh hiPSCs to some
extent (Figures 5C–E), and qRT-PCR and immunofluorescence
analysis showed that XAV939 significantly inhibited and
reversed the efficiency and tendency of NSC spontaneous and
directed differentiation of HIF-1α sh hiPSCs (Figures 5F–H and
Supplementary Figure 4F).

DISCUSSION

Hypoxia-inducible factor 1α, a regulator of glycolytic
metabolism, plays a key role in inducing the pluripotency
and directional differentiation of stem cells after initiating the
conversion of early glycolytic metabolic programs (Semenza,
2012). Hypoxia significantly increases the transcription of target
genes of HIF-1α, such as LDHA, PDK1, BNIP3, COX4-2, and
LON, which play important roles in regulating mitochondrial
metabolism and cell performance (Prigione et al., 2014). In
this study, we showed that HIF-1α knockdown significantly
inhibited the mitochondrial membrane potential of hiPSCs.
Additionally, HIF-1α knockdown significantly increased
intracellular ROS production, thereby enhancing the oxidative
stress response in hiPSCs. These mitochondrial changes caused
by HIF-1α knockdown likely contribute to the significant
inhibition of hiPSC pluripotency and self-renewal potential.
Previous studies have shown that the different metabolic patterns
in stem cells are closely related to reprogramming and cell
fate decisions (Gu et al., 2016). The loss of HIF-1α function
seriously hinders the reprogramming efficiency of somatic
cells, and the closely related metabolic regulatory factors of
HIF-1α, including pyruvate dehydrogenase kinase 3 (PDK3)
and pyruvate kinase isoform M2 (PKM2), significantly increase
the reprogramming efficiency by improving glycolysis activity.
At the same time, small molecule-induced HIF-1α activation
significantly changes the fate of stem cells (Kim et al., 2006;
Zhu et al., 2010; Prigione et al., 2011). Our results showed that
HIF-1α overexpression significantly increased the glycolytic
activity of hiPSCs, whereas HIF-1α knockdown significantly
increased mitochondrial OXPHOS activity, suggesting that
HIF-1α affected the conversion of metabolic patterns in hiPSCs.
The results of the NSC differentiation and development assays
showed that HIF-1α knockdown significantly improved the
NSC differentiation tendency and developmental potential of
hiPSCs, indicating that HIF-1α plays a key role in determining
the differentiated fate of hiPSCs. Therefore, a comprehensive
understanding of the underlying mechanisms that affect HIF-1α

biology in hiPSCs will provide crucial insights into stem cell
biology and regenerative medicine.

The balance of mitochondrial dynamics that depend on
mitochondrial fusion and fission is not vital for the survival
of stem cells (Lisowski et al., 2018), but it is essential
for pluripotency, reprogramming, and normal embryonic
development (Chen and Chan, 2010; Xu et al., 2013). Notably,
mitochondrial fusion disorders can result in various metabolic

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 June 2021 | Volume 9 | Article 671704272

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-671704 June 21, 2021 Time: 11:10 # 10

Cui et al. HIF-1α/MFN2/β-Catenin for NSC Differentiation

FIGURE 4 | Mitofusin2 (MFN2) reverses the effects of HIF-1α overexpression on the NSC differentiation potential of hiPSCs. (A,B) Expression of MFN2, Nanog and
OCT4 at mRNA and protein level. β-actin and COX IV were used as control. (C) EBs morphology of CON (hiPSCs), MFN2 OE, HIF-1α OE, and DOE hiPSCs. Scale
bars, 100 mm. (D,E) Bar graphs showed the EB formation efficiency (D) and the diameters of EBs (E). (F) The cell morphology of the adherent EBs from MFN2 and
HIF-1α modified hiPSCs under NSC differentiation medium. Scale bars, 100 mm. (G,H) Expression of Nanog and NSC markers (PAX6 and Nestin) by directed
inducing of small molecule inhibitors. Scale bars, 20 mm. (I,J) Western blot and immunofluorescence showed the expression levels of β-catenin in CON, MFN2 OE,
HIF-1α OE, and DOE hiPSCs. Scale bars, 20 mm. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. CON or MFN2 OE hiPSCs. #p < 0.05, ##p < 0.01 vs. HIF-1α OE
hiPSCs (Student’s t test). All data of qRT-PCR are representative of three independent experiments.
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FIGURE 5 | Wnt/β-catenin signaling inhibition reverses the effects of HIF-1α knockdown on the NSC differentiation potential of hiPSCs. (A) Effects of different
concentrations of XAV939 (Wnt/β-catenin signaling inhibitor) on the expression of Wnt/β-catenin signaling-related proteins in hiPSCs. β-actin was used as control.
(B) Effects of HIF-1α on the expression of Wnt/β-catenin signaling-related proteins in hiPSCs. β-actin was used as control. (C) EBs morphology of HIF-1α NC and
HIF-1α sh hiPSCs with 1 µM XAV939. HIF-1α NC and HIF-1α sh hiPSCs were used as control for HIF-1α NC and HIF-1α sh hiPSCs with 1 µM XAV939. Scale bars,
100 mm. (D,E) Bar graphs showed the EB formation efficiency (D) and the diameters of EBs (E). (F) The cell morphology of the adherent EBs from HIF-1α NC/sh
hiPSCs and HIF-1α NC/sh hiPSCs with 1 µM XAV939 under NSC differentiation medium. Scale bars, 100 mm. (G,H) Expression of Nanog and NSC markers (PAX6
and Nestin) by directed inducing of small molecule inhibitors. Scale bars, 20 mm. *P < 0.05, **P < 0.01, ***P < 0.001 vs. CON or HIF-1α NC hiPSCs. ###p < 0.001
vs. HIF-1α sh hiPSCs (Student’s t test). All data of qRT-PCR are representative of three independent experiments.
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and neurodegenerative diseases (Züchner et al., 2004; Misko et al.,
2012). In view of the importance of MFN2 in mitochondrial
performance and neurodevelopment, this study identified that
MFN2 overexpression significantly decreased the self-renewal
potential and mitochondrial metabolism of hiPSCs, and it
significantly increased the NSC differentiation potential of
hiPSCs. Whereas, MFN2 knockdown increased mitochondrial
membrane potential, and reduced intracellular oxidative stress
levels, which further inhibits the NSC differentiation and
development potential of hiPSCs. MFN2 could reverse the
effects of HIF-1α overexpression on self-renewal, mitochondrial
performance, and the NSC differentiation potential of hiPSCs.
Despite the importance of mitochondrial fusion for cell fate
determination, MFN2 is more essential than mitofusin1 in
maintaining embryonic development and neural differentiation
(Lee et al., 2012; Pham et al., 2012). Moreover, mitochondrial
dynamics could regulate epigenetic modification and affect cell
life processes such as autophagy and aging (Hu and Liu, 2014;
Xiong et al., 2014). Histone deacetylase Sirt4 is closely related
to aging, and similar to MFN2 functioning in mitophagy, Sirt4
could inhibit cellular autophagy by promoting mitochondrial
fusion (Lang et al., 2017). Our previous studies have shown that
HIF-1α-dependent mitochondrial energy metabolism affected
the differentiation and development potential of hiPSCs via

regulating histone epigenetic modifications (Cui et al., 2020). The
balance of mitochondrial dynamics regulated by key metabolism
genes and epigenetic modifications and affects hiPSC autophagy
and apoptosis is an important field that requires further
investigation; especially, it has important prospects for improving
the metabolic disorders related to premature aging.

Based on accumulating evidence, Wnt/β-catenin signaling
plays a key role in maintaining the pluripotency of PSCs and
facilitates cell reprogramming (Miki et al., 2011). Specifically,
β-catenin has been reported to be a functional factor that initiates
the differentiation of PSCs (Kelly et al., 2011; Liu et al., 2017).
Importantly, β-catenin knockout leads to embryonic lethality
due to disrupted mesoderm formation and neural differentiation
capacity, which also interferes with cell metabolism pathway
regulation (Lyashenko et al., 2011). Therefore, the maintenance
of Wnt/β-catenin signal activity plays a vital role in the
neural development and metabolism of PSCs. MFN2, as a key
mitochondrial and metabolism-related protein, plays pivotal
roles in maintaining the stable metabolism, pluripotency and
neuroectodermal differentiation and development of PSCs.
Therefore, whether MFN2 influence Wnt/β-catenin signaling by
regulating energy metabolism related pathways, thus affecting
the neural differentiation potential of PSCs is worthy of further
discussion. For the future study, it is necessary to verify

FIGURE 6 | Hypoxia-inducible factor 1α (HIF-1α)/MFN2/β-catenin axis is required for the NSC differentiation of hiPSCs. HIF-1α-dependent mitochondrial energy
metabolism significantly affected pluripotency and the self-renewal potential of hiPSCs. HIF-1α could significantly affect the NSC differentiation potential of hiPSCs by
regulating MFN2-mediated β-catenin. Meanwhile, MFN2 could reverse the effects of HIF-1α knockdown on self-renewal, mitochondrial energy metabolism, NSC
differentiation potential and β-catenin expression of hiPSCs.
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whether MFN2-regulated metabolic pathway inhibitors or small
molecules could significantly affect Wnt/β-catenin signal and
neural differentiation, which will further broaden and strengthen
our understanding of the mechanism of mitochondrial dynamics
affecting stem cell differentiation and development. Calmodulin
is considered a key effector molecule of the non-classical
Wnt signaling pathway (Bengoa-Vergniory and Kypta, 2015).
Moreover, our previous studies have shown that the balance of
mitochondrial dynamics affects the developmental potential of
PSCs by regulating CaMKII-dependent β-catenin degradation
(Zhong et al., 2019). The present study revealed that HIF-1α

significantly affected the NSC differentiation and developmental
potential of hiPSCs via mitochondrial fusion protein MFN2-
mediated β-catenin signaling. Our findings broaden our
understanding of the effects of metabolic regulatory proteins,
mitochondrial dynamics, and the non-canonical Wnt pathway on
neural differentiation and the development of hiPSCs.

Nevertheless, whereas the role of mitochondrial metabolism
and dynamics in the pluripotency and differentiation potential
of PSCs has attracted increasing attention, very little is known
about the underlying molecular mechanisms involved in this
process. Our results provide a novel perspective, in that HIF-
1α could affect the NSC differentiation potential of hiPSCs
by regulating mitochondrial fusion-mediated Wnt/β-catenin
signaling (Figure 6). This contributes to our understanding
of the NSC differentiation regulation of hiPSCs, and provides
molecular insight that could be useful for the development
of novel neurodegenerative disease treatment strategies.
However, the molecular mechanism of how HIF-1α regulates
mitochondrial dynamics mediated NSC differentiation through
nuclear transcriptional interactions is still missing, and the
influence mechanism of HIF-1α on the differentiation of terminal
functional nerve cells (neurons, oligodendrocytes, and astrocytes)
still needs to be further verified. Whether mitochondrial
dynamic proteins could affect nerve cell differentiation through
interaction is an important direction.
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Induced pluripotent stem cells (iPSCs) originate from the reprogramming of adult
somatic cells using four Yamanaka transcription factors. Since their discovery, the
stem cell (SC) field achieved significant milestones and opened several gateways in
the area of disease modeling, drug discovery, and regenerative medicine. In parallel,
the emergence of clustered regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (CRISPR-Cas9) revolutionized the field of genome engineering,
allowing the generation of genetically modified cell lines and achieving a precise genome
recombination or random insertions/deletions, usefully translated for wider applications.
Cardiovascular diseases represent a constantly increasing societal concern, with
limited understanding of the underlying cellular and molecular mechanisms. The
ability of iPSCs to differentiate into multiple cell types combined with CRISPR-Cas9
technology could enable the systematic investigation of pathophysiological mechanisms
or drug screening for potential therapeutics. Furthermore, these technologies can
provide a cellular platform for cardiovascular tissue engineering (TE) approaches by
modulating the expression or inhibition of targeted proteins, thereby creating the
possibility to engineer new cell lines and/or fine-tune biomimetic scaffolds. This review
will focus on the application of iPSCs, CRISPR-Cas9, and a combination thereof
to the field of cardiovascular TE. In particular, the clinical translatability of such
technologies will be discussed ranging from disease modeling to drug screening and
TE applications.

Keywords: human induced pluripotent stem cells (hiPSCs), CRISPR-Cas9, cardiovascular tissue engineering,
regenerative medicine, cardiovascular disease modeling, 3D cell culture systems
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INTRODUCTION

Historic Considerations: Stem Cell
Research and the Foundation of Induced
Pluripotent Stem Cells
Stem cells (SCs) were first described in 1961 by Drs. James A.
Till and Ernest A. McCulloch at Toronto University, where they
discovered that mouse bone marrow-derived SCs possessed the
unique ability to differentiate toward a multitude of different
cell types (Till and McCulloch, 1961), thus laying the foundation
for SC research. SCs are characterized by two properties: (i)
self-renewal, which allow their indefinite division, producing
unaltered daughter cells and (ii) the ability to exit self-renewal
and differentiate into specialized cells giving rise to the three
germ layers (i.e., ectoderm, mesoderm, and endoderm) (Wobus
and Boheler, 2005). Naturally occurring SCs are classified by
their self-renewal and differentiation potential: (i) totipotent SCs
can differentiate into any cell type and can create an entire
organism, the zygote is an example of totipotent cells; (ii)
pluripotent SCs have the potential to differentiate into any cell
type stemming from the cell lineages (ectoderm, mesoderm, and
endoderm), human embryonic SCs (hESCs) is an example of
pluripotency; (iii) multipotent SCs can differentiate into cells
from a specific lineage, e.g., very small embryonic-like SCs
(VSELs), which are early development SCs from adult tissues;
(iv) oligopotent SCs can differentiate into a small number of
cell types from a specific tissue, such as adult SCs; and (v)
unipotent SCs, or progenitor cells, can differentiate into a single
cell type (Zakrzewski et al., 2019; Liu et al., 2020). Artificially
derived SCs, or human induced pluripotent SCs (hiPSCs), are
reprogrammed from a terminally differentiated cell, but carry
the same potency as hESCs. Additionally, nuclear transfer SCs
(NTSCs), where the nucleus of a zygote is replaced with a somatic
cell, are less effective than reprogrammed iPSCs (Zakrzewski
et al., 2019; Liu et al., 2020). In 1962, the technique of somatic
cell nuclear transfer (SCNT) provided the first evidence that
terminally differentiated cells could reprogram into a pluripotent
state (Gurdon, 1962; Wilmut et al., 1997). The year 1998 marked
the discovery of the first hESCs, by James Thomson (Thomson
et al., 1998), and the early 2000s demonstrated the fusion between
hESCs and somatic cells that confirmed the potential to revert
cells potency state to enable their reprogramming (Tada et al.,
2001). iPSCs were first reported in 2006 by reprogramming
innate adult somatic cells using four specific genes, octamer-
binding transcription factor-3/4 (Oct3/4) and sex-determining
region Y-box 2 (Sox2), combined to either c-Myc or kruppel-
like factor-4 (Klf4), and homeobox protein nanog (Nanog) or
lin-28 homolog A (Lin28) (Takahashi and Yamanaka, 2006;
Okita et al., 2007; Takahashi et al., 2007; Yu et al., 2007;
Figure 1).

hiPSC Technology: Advantages and
Disadvantages
The field of SCs considerably changed following the discovery
of hiPSCs, and the emergence of reprogramming technology
enabled the use of disease-specific hiPSCs, thereby circumventing

the (ethical) limitations of hESCs (Wobus and Löser, 2011). In
comparison with hESCs, the use of hiPSCs presents multiple
advantages, such as reduced ethical requirements, high degree of
dedifferentiation, high proliferation rate, and self-renewal ability
(Wobus and Löser, 2011; Kumar et al., 2017). Such properties
allow for the generation of libraries that can be used for the
development of drug screening/response platforms, significantly
reducing the related production costs (Wobus and Löser, 2011).

Additionally, allogenic hiPSCs can be reprogrammed from
individual patients, thus retaining patient-specific properties,
such as genetic information, and display no immunogenicity after
transplantation (Guha et al., 2013). Hence, hiPSC-based therapies
present a unique potential not only for disease modeling but also
for precision medicine by establishing novel treatment strategies
based on patient-specific phenotypes (Chun et al., 2011; Matsa
et al., 2016). Furthermore, hiPSC’s capability to undergo almost
indefinite proliferation cycles and the possibility to perform
single cell clonal expansion make hiPSCs a reliable cell source for
genome engineering approaches (Grobarczyk et al., 2015; Hotta
and Yamanaka, 2015). Within the past decade, the application of
these technologies has revolutionized several research areas, such
as regenerative medicine, disease modeling, drug discovery, and
human developmental biology demonstrating the reproducibility
of this methodology (Kwon et al., 2018; Nikolić et al., 2018;
Spitalieri et al., 2018; Cota-Coronado et al., 2019; Savoji et al.,
2019; Figure 1).

Nevertheless, hiPSCs also present limitations related to the
way they are produced. Former reprogramming approaches
used retro- or lentiviruses as delivery system for transcription
factors for somatic cell reprogramming arises safety concerns
in regard to the integration of the viral system in the host
genome, which can ultimately lead to genetic alteration, thus
increasing tumorigenicity risks (Howe et al., 2008; Higuchi et al.,
2015). More recent approaches aim at reducing the genetic
alterations caused by reprogramming via non-integrating viruses
(e.g., Sendai virus), episomal vectors, or through direct delivery
of reprogramming factors, such as protein or mRNA to generate
integration free hiPSCs (Kim et al., 2009; Okita et al., 2011; Diecke
et al., 2015; Schlaeger et al., 2015; Rohani et al., 2016).

hiPSC Technology: Regulatory
Considerations and Clinical Application
As previously mentioned, the differentiation potential of hiPSCs
and the numerous application possibilities of hiPSC-derived
products are enormous; however, their clinical translation is
still considerably hampered. Lack of scalable differentiation
protocols, undifferentiated cell contaminates, as well as unknown
in vivo hiPSC functionality and their potential to generate
teratomas still limit the broader clinical application of such
technology. To foster the use of hiPSCs and their derived
products into the clinics, research groups are focusing on the
establishment of reliable protocols for the isolation, generation,
proliferation, and differentiation of hiPSCs following GMP-
compliant regulations. In addition, preclinical efficacy and safety,
ethical compliance, and respect of the regulatory guidelines need
to be established a priori (Haake et al., 2019).
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FIGURE 1 | Generation and application of hiPSCs. Somatic cells are harvested from patients and reprogrammed into patient-specific hiPSCs. The hiPSCs can then
be differentiated into different cell types, such as cardiomyocytes, smooth muscle cells, and endothelial cells, which can be used in different applications. Adapted
from servier medical art, licensed under a Creative Commons Attribution 3.0 Unported License.

The rapid technology translation that hiPSCs are experiencing
often reveals the gaps and limitations that still need to be faced,
for example, genetic instability, immunogenicity, epigenetic
abnormalities (Ben-David and Benvenisty, 2011; Laurent et al.,
2011; Zhao et al., 2011; Liu et al., 2017; Bragança et al., 2019;
Ratajczak, 2019), as well as publication bias and late translation
into clinics after their generation, which can ultimately cause
misuse of the patient genetic code (Wolinetz and Collins, 2020).
In this regard, guidelines that protect the cell donors’ rights must
be granted in order to protect future patients. This is of great
concern as several clinical trials on hiPSCs are ongoing, some of
which focusing on cardiovascular diseases (CVDs) (Deinsberger
et al., 2020). Given the rapid propagation of such technology,
the establishment of regulatory guidelines for disease modeling,
drug discovery, and clinical translation is a must and has to be
enlightened by the regulatory offices and SC societies.

Rise of Genome Editing Technologies
and CRISPR-Cas9
The idea of genomic information exchange via exogenous DNA
homology recombination (HR) was initially demonstrated by
Oliver Smithies (Smithies et al., 1985). This discovery was
followed by the identification of meganucleases, which were able
to introduce double strand breaks (DSBs) at specific sites in
the genome, thus improving the insertion of exogenous DNA
(Choulika et al., 1995; Cohen-Tannoudji et al., 1998). These
findings opened the path for the development of the zinc finger
nuclease (ZFN) technology in 2009, of transcription activator-
like effector nuclease (TALEN) in 2011, and finally of clustered
regularly interspaced short palindromic repeats (CRISPR) in
2013 (Geurts et al., 2009; Tesson et al., 2011; Gasiunas et al.,
2012; Jinek et al., 2012; Cong et al., 2013; Mali et al., 2013b;
Wang et al., 2013; Figure 2A). The CRISPR system originates
from the defense mechanism found in archaea and bacteria
(Terns and Terns, 2011). To be fully functional, the CRISPR
system requires: (i) a DNA endonuclease, i.e., the CRISPR-
associated protein 9 (Cas9), that cleaves the DNA specifically
at the protospacer adjacent motif (PAM) and (ii) a small RNA
molecule, known as the single guide RNA (sgRNA), that allows
the CRISPR-Cas9 to target the specific genomic location and
induce a DSB (Jinek et al., 2012; Anders et al., 2015; Figure 2A).

The DSB triggers DNA repair via two different pathways, non-
homologous end joining (NHEJ) or homology-directed repair
(HDR) (Jinek et al., 2012; Gaj et al., 2013; Mali et al., 2013a;
Figure 2A). NHEJ repair is a process that does not require
a homology template and can thus introduce insertions or
deletions (indel) at the cleavage site, thus causing a gene knockout
if the indel occurs in an exon (Wyman and Kanaar, 2006;
Hsu et al., 2014). To the contrary, HDR uses a homology
DNA template to obtain high-fidelity repair, thereby allowing
precise DNA insertions (Wyman and Kanaar, 2006; Hsu et al.,
2014; Lin et al., 2014; Maruyama et al., 2015). In addition,
further modifications of CRISPR-Cas9 allowed the development
of single base editing, a fusion of cytidine or adenosine deaminase
enzymes with Cas9, that enables single genetic modification
without DSB (Komor et al., 2016; Porto et al., 2020). Within
this technique, sgRNA targets the CRISPR-Cas9 base editor
to the specific sequence of DNA. Subsequently, the cytidine
deaminase induces the conversion of cytosine to uracil first,
and then to thymine, with adenine as complementary base.
On the other side, the adenine deaminase converts adenine
into inosine, which is recognized as guanine, with cytosine as
complementary base (Komor et al., 2016; Porto et al., 2020;
Figure 2B). Besides the ability of CRISPR-Cas9 to permanently
modify the genome, modifications of the catalytic site of the Cas9
nuclease allowed the generation of dead Cas9 (dCas9), which
retains the specific binding ability to DNA, without inducing
DSB (Qi et al., 2013; Hsu et al., 2014). Furthermore, fusion
of dCas9 to transcription activators (e.g., VP16, VP64, p65) or
transcription repressors (e.g., KRAB, SID) allowed to retarget
CRISPR-Cas9 toward gene expression modulation (Dominguez
et al., 2016; Mahas et al., 2018; Figure 2C). The CRISPR-
Cas9 technology currently represents an established gene editing
tool, which expands our understanding of genetic diseases
by restoring genome integrity, and provided disease-specific
cells for drug testing (Wang et al., 2014c; Zhang et al., 2014;
Hinson et al., 2015).

CRISPR-Cas9 Technology: Regulatory
Considerations and Clinical Application
The enthusiasm around CRISPR-Cas9 technology has garnered
a great degree of attention since its first reported use in 2013
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A B C

FIGURE 2 | Genome editing tools. (A) Zinc finger nucleases (ZNFs) and transcription activator-like effector nucleases (TALENs) recognize specific genomic sites with
their specific DNA-binding proteins, zinc finger and transcription activator-like repeats. Clustered regularly interspaced short palindromic repeats (CRISPR-Cas9) is
directed to the specific genomic site with the help of the protospacer adjacent motif (PAM) in red and the sequence of the single guide RNA (sgRNA) in blue. Once
the specific genomic site is recognized, the catalytical subunits, Flavobacterium okeanokoites type IIS restriction enzyme (FokI), or CRISPR-associated protein 9
(Cas9) induces a double strand brake (DSB) and can be repaired either by non-homologous end joining that can lead to insertion/deletion or homology-directed
repair with the help of DNA template that allows the introduction of specific mutations. (B) Catalytically inactive Cas9 or dead Cas9 (dCas9) fused to a deaminase
(e.g., cytidine or adenine) can result in the conversion of cytosine–guanine base pairs to thymine–adenine or vice versa, without the need of a DSB. A = adenine,
T = thymine, C = cytosine, G = guanine, U = uracil, I = inosine. (C) An additional variation of dCas9 fused to a transcriptional activator/repressor can induce
transcriptional activation/repression of the targeted gene.

(Musunuru, 2017b). However, the ethical (moral), biomedical,
safety, and legal concerns regarding the use of such application
to the medical (clinical) field are gaining importance (Brokowski
and Adli, 2019). In 2015, the National Academics of Sciences,
Engineering, and Medicine (NASEM) compiled one of the most
extensive risk analysis reports on the use of such genome
editing tools on humans (Brokowski and Adli, 2019). Finally, the
committee agreed on somatic genome editing experimentation,
but did not allow human genome modifications nor any kind
of enhancement (Memi et al., 2018; Brokowski and Adli, 2019).
In this regard, CRISPR-Cas9 technology is significantly helpful
for the improvement of immunotherapies, organoid engineering,
drug target identification, and disease-gene modifications (Singh
et al., 2019). Particularly, this system offers the great potential
to progress therapies against HIV, hemophilia, cancer, and any
number of yet uncurable diseases (Singh et al., 2019).

HiPSC APPLICATIONS FOR
CARDIOVASCULAR RESEARCH

The mammalian heart has limited regenerative capacity and
is subjected to multiple genetic or non-genetic dysfunctions,
thus resulting in heart diseases and/or failure (Skrzynia et al.,
2014; Doppler et al., 2017). Currently, small and large animal
models are used to study human heart diseases, yet inter-species
differences as well as anatomical and physiological dissimilarities

complicate the clinical translation of safe and effective therapies
(Milan and MacRae, 2005; Camacho et al., 2016). Among the
existing SC therapies, hiPSCs emerge as a potential cell source for
CVD modeling and treatment (Park and Yoon, 2018; Sadahiro,
2019; Parrotta et al., 2020). Besides the possibility to generate
hiPSCs from patients’ somatic cells and giving access to patient-
specific cells, there is an added ability of hiPSCs to proliferate
indefinitely, maintain the genetic information of their host, and
differentiate into any cell type. This makes hiPSCs an ideal cell
source to investigate CVD originating from acquired genetic
or congenital defects thus establish a better understanding of
the pathological mechanisms and molecular functions regulating
cardiac disorders, thereby opening the path for the development
of new diagnostic and therapeutic approaches (Matsa et al., 2016;
Parrotta et al., 2020).

hiPSC-Derived Cardiomyocytes
Over the years, several attempts have been made to establish
hiPSC differentiation protocols that imitate the signaling
pathways involved in embryonic cardiovascular development to
obtain functionally mature cardiac cells (Skrzynia et al., 2014).
Initially, differentiation of hiPSCs into cardiomyocytes (CMs)
involved single cell suspension cultures. This induced hiPSCs to
spontaneously aggregate and form embryoid bodies (EBs), thus
mimicking embryogenesis (Maltsev et al., 1993; Yang et al., 2008).
Following EB formation, cells differentiated into the three germ
layers and finally acquired CM properties (Zhang et al., 2009;
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Zwi et al., 2009). However, despite the promising differentiation
outcomes, the presence of serum in the medium made EB-
based approaches prone to variability between samples, thus
compromising the reproducibility level (Osafune et al., 2008).
Subsequent improvements of EB-based differentiation protocols
employed cytokines and growth factors, such as Wnt proteins,
bone morphogenetic proteins (BMPs), activin A, and Notch
signals, combined to their respective selective inhibitors (Chau
et al., 2006; Laflamme et al., 2007; Wang et al., 2011; Lian
et al., 2012; Burridge et al., 2014; Bastakoty et al., 2016; Abad
et al., 2017), thus increasing the efficiency of differentiation.
Simplified procedures were additionally established to eliminate
the EB formation process by using a monolayer-based system
(Paige et al., 2010; Zhang et al., 2012; Kadari et al., 2015;
Talkhabi et al., 2016). Furthermore, the development of the two-
step differentiation protocols enabled the derivation of cardiac
progenitor cells (CPCs) from hiPSCs, followed by a second
differentiation step where either CMs, smooth muscle cells
(SMCs), or endothelial cells (ECs) could be obtained (Kattman
et al., 2011; Cao et al., 2013).

However, the limitations for the differentiation approaches
reported so far are that hiPSC-derived cardiac cells are
heterogenous and lack cellular maturity, which subsequently
result in fetal CM function and morphology (Veerman et al.,
2015; Machiraju and Greenway, 2019). hiPSC-derived CM
immaturity impairs the proper modeling of adult CVD due to
the inability to fully reiterate aging-related disease phenotypes, as
well as of genetic-related pathologies, thus negatively influencing
their use for drug development and screening (Veerman et al.,
2015; Goversen et al., 2018; Machiraju and Greenway, 2019).
To overcome the lack of mature and homogenous hiPSC-CMs,
new elaborate strategies were employed to include long-term
culture periods, the use of hormones in the differentiation
medium, mechanical or electrical stimulation, and the use of
in vivo environments (Chan et al., 2013; Kamakura et al.,
2013; Yang et al., 2014; Ruan et al., 2016; Cho et al., 2017;
Kadota et al., 2017; Ebert et al., 2019; Machiraju and Greenway,
2019). These latest studies resulted in increased hiPSC-CM
mitochondria generation, sarcomere maturation, change of
energy source to fatty acid instead of glucose, as well as an
enhanced electrophysiological metabolism and response electro-,
mechanical-, or pharmacological stimulation (Chan et al., 2013;
Kamakura et al., 2013; Yang et al., 2014; Ruan et al., 2016; Cho
et al., 2017; Kadota et al., 2017; Ebert et al., 2019; Machiraju and
Greenway, 2019).

hiPSCs and CVD Modeling
An efficient reproduction of human diseases requires a relevant
and precise model that recapitulates the pathophysiological
mechanisms of the disease itself (Savoji et al., 2019). In vitro
cell cultures and animal models can only recapitulate some
physiological features of human diseases, but not the entire
pathophysiological profile (Savoji et al., 2019). In fact, a broader
application of existing in vitro disease models can be limited
by the over simplification of in vitro approaches, the availability
of patient-specific cells, and their limited proliferation potential,
as in the case of CMs (Savoji et al., 2019). In this context,

hiPSCs represent a promising cell source, owing to features
such as human origin, unlimited proliferation capacities, and
potential to differentiate into any cell type. Pioneering studies
established hiPSCs from patients suffering from specific genetic
conditions, thereby enabling the generation of disease models to
mimic their particular molecular mechanisms (Park et al., 2008).
Disease modeling based on hiPSCs generated great progress in
the field of cardiovascular research, eventually providing the tools
to acquire a more precise understanding of the underlying CVD
mechanisms and to develop new therapeutic approaches. The
ability of hiPSCs to maintain the genetic profile of the host while
differentiating into cardiac-derived cells, such as CMs, SMCs, and
vascular ECs, enabled the production of robust in vitro CVD
models (Parrotta et al., 2020). Here, cardiac disorders including
cardiomyopathies, channelopathies, and structural-based cardiac
defects will be further discussed.

Cardiomyopathies
Cardiomyopathies encompass a number of disorders related to
distinct genetic mutations, such as hypertrophic cardiomyopathy
(HCM), dilated cardiomyopathy (DCM), arrhythmogenic right
ventricular cardiomyopathy (ARVC), and left ventricular non-
compaction (LVNC), and are defined by structural or functional
dysfunction of the myocardium (Sisakian, 2014; Hannah-
Shmouni et al., 2015).

HCM is one of the most common genetically inherited
cardiomyopathies and is linked to ventricular and septum
hypertrophy caused by hypertrophic CMs and fibrosis, resulting
in decreased cardiac function (Wexler et al., 2009; Argulian et al.,
2016). Hypertrophy of CMs is due to mutations in the genes
responsible for sarcomere function, such as myosin heavy chains
(MYH6, MYH7), myosin binding protein C (MYBPC3), troponin
I (TNNT2, TNNT3), and tropomyosin-α-1 chain (TMP1)
(Girolami et al., 2010; Sisakian, 2014). hiPSC technology allowed
to better characterize HCM using patient-specific hiPSC-derived
CMs harboring a MYH7 mutation (Lan et al., 2013; Dementyeva
et al., 2019; Filippo Buono et al., 2020). A first study showed the
potential of hiPSCs to mimic HCM phenotypes, such as enlarged
cells, sarcomeric dysfunction, arrhythmia, and impaired calcium
(Ca2+) handling, by using hiPSC-derived CMs from 10 patients
carrying a missense mutation in the MYH7 gene (A663H)
(Lan et al., 2013). Findings on Ca2+ handling abnormalities
allowed the identification of specific Ca2+-channel blockers (e.g.,
verapamil) and their function in restoring physiological Ca2+

regulation, hence averting HCM phenotype (Lan et al., 2013).
An additional study on HCM using patient-specific hiPSC-
derived CMs broadened our understanding of the underlying
disease mechanisms and thereby enabled the development of
new therapeutic approaches (Han et al., 2014). Particularly, the
study used hiPSC-derived CMs harboring a missense mutation
in the MYH7 gene (R442G) in combination with genome-wide
transcriptomics to investigate signaling pathways involved in the
developmental process of CMs. This enabled the identification
of potential therapeutic targets, such as Wnt, FGF, and Notch
pathways (Han et al., 2014).

DCM represents one of the most common diagnoses in
patients requiring heart transplantation and is associated with
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functional and structural impairment of the heart (Jacoby and
McKenna, 2012). DCM relates to inherited gene mutations
involved in sarcomeric protein synthesis [e.g., titin (TTN),
MYH7, lamin A/C proteins (LMNA), desmin (DES)] or genes
encoding ion channels [e.g., sodium channel protein type 5
subunit α (SCN5A)] (Gerull et al., 2002; Hershberger and
Morales, 2007; Herman et al., 2012; Mcnally et al., 2013;
Schultheiss et al., 2019). The use of patient-specific hiPSC-
derived CMs again enabled to mimic the mutations causing
the pathophysiological phenotype of DCM, thereby providing
a better understanding of its underlying molecular and cellular
mechanisms (Siu et al., 2012; Sun et al., 2012; Tse et al., 2013;
Wang et al., 2014b; Hinson et al., 2015; Karakikes et al., 2015b;
Lin et al., 2015; Wu et al., 2015; Wyles et al., 2016; Lee et al., 2017;
Streckfuss-Bömeke et al., 2017; Yang et al., 2018; Shah et al., 2019).

Additionally, hiPSC technology allowed the modeling and
the consequent discovery of specific therapeutic approaches for
other cardiomyopathies, such as ARVC (Thiene et al., 2007;
Caspi et al., 2013; Kim et al., 2013; Ma et al., 2013a) or
LVNC (Kodo et al., 2016). In the case of ARVC, patient-
specific hiPSC-derived CMs presenting the mutated PKP2
gene allowed the establishment of an ARVC in vitro model
by exposing hiPSC-derived CMs to induce metabolic aging
conditions (Kim et al., 2013). A subsequent study showed that
ARVC PKP2 mutation resulted in the upregulation of Wnt
and PPAR-γ pathways and lipid accumulation, which allowed
the identification of 6-bromoindirubin-3′-oxime (BIO) as an
inhibitor of glycogen synthase kinase 3β and a potential treatment
to reduce lipid accumulation (Caspi et al., 2013). LVNC was
successfully modeled with hiPSC-derived CMs and showed
abnormal signaling of transforming growth factor β (TGF-β) due
to a mutation of cardiac transcription factor T-box protein 20
(TBX20), thus impairing proper compaction of CMs (Arbustini
et al., 2016). Moreover, the correction of the mutation using
CRISPR-Cas9 and inhibition of TGF-β allowed to restore normal
phenotype (Kodo et al., 2016).

Overall, the implementation of hiPSC-derived CMs in the
development of CVD-related models provided evidence of their
ability to model complex cellular phenotypes and contributed
to a better understanding of a number of involved mechanisms
in the disease. Moreover, the knowledge obtained from hiPSC-
based CVD models uncovered novel treatment approaches.
Nevertheless, there are remaining questions regarding the
heterogeneity and immaturity of the hiPSC-derived CMs that
need to be further investigated to be able to utilize hiPSC
technology to completely model CVDs.

Channelopathies
Channelopathies are the result of mutations in genes encoding
ion channels and transporters and hence lead to a cardiac
electrophysiology impairment (Abriel et al., 2015; Bezzina
et al., 2015; Spears and Gollob, 2015). Disorders classified as
channelopathies are congenital long QT syndrome (LQTS) and
catecholaminergic polymorphic ventricular tachycardia (CPVT),
which induce arrhythmias, ventricular fibrillation, and seizures
ending with death (Abriel et al., 2015; Bezzina et al., 2015; Spears
and Gollob, 2015). The introduction of hiPSC technology allowed

for extensive studies into the underlying mechanisms of such ion
channel-related disorders (Sala et al., 2019).

LQTS is characterized by a delay in the cell membrane
repolarization after contraction and ventricular arrhythmias,
ultimately leading to heart arrest, and it is the first and
most studied arrhythmic syndrome using hiPSC-based models
(Abrams et al., 2010; Sala et al., 2019). LQTS exists in more than
10 different subtypes, but research has mainly focused on LQTS1,
LQTS2, and LQTS3, which result from a genetic mutation
of the potassium voltage-gated channel subfamily Q member
1 (KCNQ1), subfamily H member 2 (KCNH2), and sodium
voltage-gated channel α-subunit 5 (SCN5A), respectively (David
et al., 2014). In-depth studies of such arrhythmic syndromes
paved the way for the use of hiPSCs as well as for disease modeling
(Moretti et al., 2010). Several studies carried out with patient-
specific hiPSCs containing a mutation in the KCNQ1, KCNH2,
or SCN5A gene displayed strong similarities in the derived
CMs, such as prolonged action potential, reduced potassium
or sodium currents, and subsequent impairment of the ion
channel’s behavior (Itzhaki et al., 2011; Matsa et al., 2011; Egashira
et al., 2012; Lahti et al., 2012; Bellin et al., 2013; Mehta et al.,
2014; Wang et al., 2014c; Jouni et al., 2015; Ma et al., 2015).
Further understanding of channelopathy molecular mechanisms
facilitated by hiPSC-derived CMs showed that specific treatments
using potassium and sodium ion channel inhibitors restore
proper CM function (Fatima et al., 2013; Ma et al., 2013b;
Terrenoire et al., 2013; Mehta et al., 2014; Malan et al., 2016).

CPVT comprises two subtypes; CPVT1 arises from mutations
in the cardiac ryanodine receptor 2 (RYR2), and CPVT2 is caused
by a mutation in the calsquestrin-2 (CASQ2) gene (Leenhardt
et al., 2012; Roston et al., 2017). Both phenotypes result in
tachyarrhythmias triggered by stress and exercise (Swan et al.,
1999; Liu et al., 2013). RYR2 is responsible for the outflow of Ca2+

from the sarcoplasmic reticulum during depolarization, whereas
CASQ2 proteins bind Ca2+ in the sarcoplasmic reticulum
(Leenhardt et al., 2012; Roston et al., 2017). Multiple hiPSC-
based models recapitulated CPVT phenotypes, as well as showed
elevated diastolic Ca2+ concentrations, reduced Ca2+ in the
sarcoplasmic reticulum, and increased arrhythmias (Jung et al.,
2012; Kujala et al., 2012). Furthermore, the use of hiPSC-
based models identified new therapeutics, such as dantrolene,
β-blockers, and flecainide (Itzhaki et al., 2012; Jung et al., 2012;
Preininger et al., 2016; Sasaki et al., 2016).

Collectively, the introduction of hiPSC-derived CMs in
the modeling of channelopathies allowed for the acquisition
of a new knowledge into the mechanisms of cardiovascular
electrophysiology. This further established novel therapeutic
approaches to attenuate the observed pathophysiological
conditions (Swan et al., 1999; Liu et al., 2013; Roston et al.,
2017). However, the strength of the clinical translation of such
technology is limited due to the lack of complete maturity of
hiPSC-derived CMs, which still remains an issue that needs
further investigation.

Structural Defects
Structural heart diseases typically feature an abnormality in the
structure of the heart, valves, and/or vasculature and represent
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a rapidly growing CVD area that has been successfully modeled
using hiPSC technology (Peng et al., 2019). In particular, hiPSC-
derived models for bicuspid valvular and aortic calcification
identified mutations in the notch homolog 1 (NOTCH1) gene
(Garg et al., 2005; Theodoris et al., 2015). Additionally, the
generation of hiPSC-derived SMCs allowed to recapitulate
the multiple features of supravalvular aortic stenosis (SVAS)
including mutations in the elastin (ELN) gene (Ge et al., 2012;
Kinnear et al., 2020). Thus, hiPSC-derived models provide a
great tool to investigate cellular function as well as the molecular
mechanisms behind such diseases, ultimately leading to new
therapeutic approaches (Ge et al., 2012; Chailangkarn and
Muotri, 2017; Kinnear et al., 2020).

HiPSCS FOR TISSUE ENGINEERING
APPLICATIONS

Regenerative Medicine
hiPSC-based technology accelerated drug development and their
safety evaluation by providing tools to investigate various disease
mechanisms and to screen for potential treatments. Although
the current therapeutic approaches provide a treatment option
for specific diseases, they do not induce regeneration of the
damaged cardiac tissues to this date (Altara et al., 2016).
Therefore, the discovery of patient-specific hiPSCs offered a
potential novel treatment option to replace damaged cardiac
tissue and opened a new chapter in the field of regenerative
medicine (Menasché, 2018; Wang et al., 2018; Paik et al., 2020).
Furthermore, owing to the ability of potentially differentiating
into any desired cell type, hiPSCs provide a means to patient-
specific cardiac tissue regeneration, thus facilitating allogeneic
transplantation (Šarić et al., 2008; Zhang et al., 2009; Narsinh
et al., 2011; Kishino et al., 2020). The first studies using hiPSC-
derived CMs to restore cardiac diseased tissue involved the direct
injection of cells in the damaged area (Nelson et al., 2009;
Ye et al., 2014; Shiba et al., 2016; Liu et al., 2018). However,
despite the promising initial results, the implementation of
hiPSC technology into the clinic faces multiple challenges (Ma
et al., 2011). One of the main limitations is due to the hiPSC-
derived CM purity and the risk of teratoma formation post-
transplantation caused by the presence of undifferentiated cells
(Ma et al., 2011). Nowadays, several methods are in place to
overcome this lack of cell purity, such as the use of lactose instead
of glucose supplemented medium to eliminate undifferentiated
cells (Ma et al., 2011; Zhang et al., 2012). As already mentioned,
another limitation is the immature phenotype of hiPSC-derived
CMs (Lundy et al., 2013; Machiraju and Greenway, 2019),
as well as the low engraftment efficiency of the implanted
CMs after single cell transplantation (Lemcke et al., 2018; Park
et al., 2019). Therefore, cardiovascular regenerative medicine
shifted from single cell injections of hiPSC-derived CMs toward
alternative approaches to improve engraftment. By using tissue
engineering (TE) approaches, such as cell aggregates or patches,
cell retention and engraftment efficiency were greatly improved
(Masumoto et al., 2012; Emmert et al., 2013a,b; Wendel et al.,
2015). This led the field of cardiovascular regenerative medicine

toward the implementation of three-dimensional (3D)-based
culture systems.

3D Cell Culture System
A major step toward the generation of cardiovascular tissue
is to recapitulate the molecular environment, which is
best accomplished by using 3D culture systems, such as
scaffold-based, organoids, and organs-on-a-chip technologies
(Zimmermann et al., 2002a, 2004; Clevers, 2016; Günter
et al., 2016; Rosales and Anseth, 2016; Madl et al., 2018;
Ronaldson-Bouchard and Vunjak-Novakovic, 2018). While
two-dimensional culture systems are the standard approach in
cardiovascular research, these fail to recapitulate the complex
cellular composition and extracellular interactions existing in
native tissues. In order to properly mimic cardiac function, it is
therefore important to consider the 3D tissue composition to re-
create the cardiovascular cellular and extracellular environments.
The use of 3D culture systems presents the ability to closely
mimic the in vivo structure, microenvironment, cell–cell
interaction, and cell–extracellular matrix (ECM) interaction,
making it an interesting technology for disease modeling,
drug development/screening, and TE applications (Fong et al.,
2016; Correia et al., 2018; Chaicharoenaudomrung et al., 2019).
Different 3D culturing approaches are available, including
non-scaffold-based systems (e.g., spheroids and organoids) and
scaffold-based systems (e.g., tissue-engineered constructs), that
recapitulate ECM features.

hiPSCs in Cardiac Spheroids
Cardiac spheroids are typically used to mimic the native 3D
cellular environment by including multiple cell types in a
self-assembly process (Polonchuk et al., 2017; Hoang et al.,
2018; Yan et al., 2019). In this context, the number of cells
used to generate the spheroids can have an impact on the
viability of cells, especially the ones forming the core, due to
reduced oxygen supply when the spheroids diameter exceeds
beyond diffusion barrier limit (Tan et al., 2017). Different
studies generated spheroids by combining hiPSC-derived CMs
with structural heart cells, such as cardiac fibroblasts (CFs),
in order to closely recapitulate the native microenvironment
of the myocardium (Polonchuk et al., 2017; Tan et al.,
2017; Hoang et al., 2018; Mattapally et al., 2018; Yan et al.,
2019). A recent study generated cardiac spheroids by co-
culturing hiPSC-derived CMs with CFs and cardiac ECs and
exposed them to various Food and Drug Administration
(FDA)-approved drugs to test their potential as platform for
cardiotoxicity assay (Archer et al., 2018). A different study
produced cardiac spheroids, representative of the morphology
and biochemistry of myocardial tissue out of hiPSC-derived
CMs, hiPSC-derived CFs, and cardiac ECs (Polonchuk et al.,
2017). Furthermore, the hiPSC-based cardiac spheroids allowed
to investigate the underlying cardiotoxicity mechanisms of
doxorubicin (Polonchuk et al., 2017). Another relevant study
used cardiac spheroids composed of CMs and mesenchymal
stem cells (MSCs) derived from hESCs as an in vitro platform
to model fibrosis (Lee M.O. et al., 2019). Treatment of the
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cardiac spheroids with TGF-β induced a fibrotic phenotype
(Lee M.O. et al., 2019).

hiPSCs in Cardiac Organoids
Similar to spheroids, organoid culture systems are described as
a 3D approach that includes a specific cellular organization
and a precise architecture that ultimately relies on a
process of self-assembly (Lancaster and Knoblich, 2014;
Chaicharoenaudomrung et al., 2019; Hofbauer et al., 2020). Since
the first in vitro creation of the murine small intestinal organoid
(Sato et al., 2009), many fields have been using organoid-based
culture systems to mimic and recapitulate organ-like tissue
architecture and cellular composition (Sato et al., 2009; Huch
et al., 2013; Lancaster et al., 2013; Chen et al., 2017). The
development of hiPSC technology opened the path for the
development of patient-specific hiPSC-based organoids required
to re-create functional cardiac organoids (Mills et al., 2017;
Richards et al., 2017). Other studies aimed at producing 3D
vascular networks organoids by means of an in vitro co-culture of
hiPSC-derived ECs with vascular cells, such as pericytes (Kusuma
et al., 2013; Orlova et al., 2014; Chan et al., 2015). A more recent
study generated organoids that recapitulated blood vessels, by
differentiating hiPSCs in suspension into the mesodermal lineage
prior to inducing EC differentiation. The resulting blood vessel
organoid displayed morphological and functional similarities
with native human blood vessels when implanted in the kidney
capsule of mice (Wimmer et al., 2019). However, the self-
assembly process used in most organoid procedures is still one of
the limiting factors for a consistent generation of cardiovascular
tissues. Specifically, this process is not yet defined, but is rather
a random method resulting into heterogenous organoids in
regard of cell composition, size, and shape (Brassard and Lutolf,
2019). Particularly, the size of the organoids is limited due to
the manufacturing approach, thus impairing the application of
organoids to regenerative medicine (Brassard and Lutolf, 2019).
Nonetheless, the application of hiPSC-derived cardiac organoids
to disease modeling presents multiple advantages in precision
medicine by allowing the simultaneous study of a large variety
of phenotypes, but also a robust technology applicable in drug
development and screening (Mills et al., 2017; Voges et al.,
2017; Hoang et al., 2018; Nugraha et al., 2018; Mills et al., 2019;
Nugraha et al., 2019; Filippo Buono et al., 2020).

hiPSCs for Cardiovascular Tissue-Engineered
Constructs
TE aims to recreate functionally native tissue by recapitulating
the exact cellular composition and ECM structure by means of
bioengineering methodologies. The final purpose is to replace a
diseased tissue or organ and/or develop and test new therapeutics.
The application of TE to the medical field is of high clinical
relevance for the regeneration of tissues with limited self-
regenerative potential, such as the heart, pancreas, bone, and
cartilage (Risbud et al., 2001; Sepulveda et al., 2002; Niknamasl
et al., 2014; Emmert et al., 2017).

The classical TE approach relies on the combination of cells
and biocompatible scaffolds to engineer tissue constructs with
similar properties to native tissues. In this context, the scaffold

not only is responsible for the structural support of the seeded
cells but also can impact different functional aspects, such as cell
survival, proliferation, and differentiation (Vunjak-Novakovic
et al., 2011; Buikema et al., 2013; Chun et al., 2015). The first
engineered heart tissue was developed using rat CMs cultured
on a scaffold (Zimmermann et al., 2002b). This pioneered
the development of novel approaches using various synthetic
(e.g., polylactide, polyglycolide, lactide and glycolide copolymer,
polycaprolactone, and polyisopropylacrylamide) and/or natural
(e.g., collagen, cellulose, chitosan, hyaluronic acid, silk fibroin,
and decellularized native tissue) (Vunjak-Novakovic et al., 2011;
Buikema et al., 2013; Chun et al., 2015) scaffolds in the pursuit
to optimize cardiovascular tissue-engineered constructs (Murry
et al., 1996; Planat-Benard et al., 2004; Ravichandran et al., 2013;
Wendel et al., 2014). The advent of PSCs, more specifically
hiPSCs, offered access to an unlimited source of autologous
cells with the ability to theoretically differentiate into any cell
type in the body. Furthermore, the combined use of a scaffold,
hiPSCs, and their metabolites provided the ability to generate
personalized scaffolds, thus creating a tool with tremendous
application potential (Noor et al., 2019). The first engineered
cardiovascular tissue construct was based on the differentiation of
ESCs into CMs and displayed the potential of PSCs to recapitulate
metabolic and mechanical functions of the native myocardium
(Stevens et al., 2009).

One fundamental aspect of tissue-engineered constructs,
which strongly impact their in vivo behavior once implanted, is
their fabrication method. While cardiac patches are generated
by stacking cell monolayers to produce a functional tissue, 3D
cardiac tissues make use of scaffolds to optimize cell proliferation,
differentiation, and survival and mimic myocardium ECM
structure and composition (Eschenhagen et al., 1997; Sawa
et al., 2012). Various studies produced cardiac tissues using the
cell sheet approach with hiPSC-derived cardiac cell types and
induced in vivo recovery of damaged heart tissue (Masumoto
et al., 2014; Masumoto et al., 2016; Ishigami et al., 2018).
Nonetheless, the number of layers comprising the cardiac cell
sheet has to be limited to maximize oxygen and nutrients
diffusion and avoid tissue necrosis, which was improved using
a biodegradable biomaterial to facilitate oxygen and nutrient
transfer (Matsuo et al., 2015). In the same research framework,
the combination of 3D scaffolds and hiPSC technology was
explored to generate cardiac tissue constructs and establish new
approaches to treat cardiovascular-related defects (e.g., vascular
grafts and heart valves). In this context, TE approaches were
combined with hiPSC-derived ECs and hiPSC-derived SMCs to
produce vessels and/or valvular constructs, which recapitulated
the physiological features of their native counterparts (Nakayama
et al., 2015). A recent study used hiPSC-derived vascular SMCs
cultured on polyglycolic acid (PGA) scaffold to manufacture
vessel substitutes, which presented similar mechanical resistance
as the clinically used prosthesis (Luo et al., 2020).

Valvular heart disease (VHD) is another type of cardiac
defect that may benefit from hiPSC technology. VHD remains
as one of the major heart problems and requires replacement
to restore proper valvular function in the majority of patients
(Kheradvar et al., 2015). The currently available prostheses are
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either mechanical or bioprosthetic valves (Poulis et al., 2020),
and although they represent the current standard of care,
both substitutes still present with significant limitations (e.g.,
degeneration, thromboembolic risk, need for anticoagulation
treatment) as reviewed elsewhere (Head et al., 2017; Fioretta
et al., 2020b; Poulis et al., 2020). Particularly, TE approaches
could provide a potential solution to overcome the current
limitations by generating tissue-engineered heart valves (TEHVs)
with the ability to grow and remodel within the patient (Schmidt
and Hoerstrup, 2006; Emmert and Hoerstrup, 2017). In this
context, multiple cell and SC sources have been investigated for
the generation of ready-available regenerative TEHVs (Cambria
et al., 2017; Emmert, 2017). At the dawn of this technology,
autologous cells and tissue sources were cultured in a bioreactor
system to favor cell proliferation and ECM production (Weber
et al., 2012b; Fioretta et al., 2018). However, the technical and
logistical challenges of this TE approach (i.e., cell isolation and
expansion, donor-to-donor variability, and unknown in vivo
remodeling outcomes) led to the implementation of one-
step interventions (Emmert et al., 2017). In this context,
bioresorbable polymer-based TEHVs were adopted preclinically
in combination with pre-seeding procedures using autologous
SCs [bone marrow mononuclear cells (BMMCs) and fetal
cells] to modulate the early in vivo inflammatory response
(Emmert et al., 2011, 2012, 2014; Weber et al., 2011, 2012a;
Fioretta et al., 2020a). However, further studies need to clarify
the remodeling effects that SCs can develop in combination
to the valvular hemodynamic conditions in order to exclude
potential deleterious effects on the implanted substitute as well
as guarantee long-term functionality and adaptive remodeling
(Fioretta et al., 2020a; Mela, 2020). Akin to the use of hiPSC-
derived SMCs for the generation of vascular grafts, the use of
hiPSCs derivatives could be of high potential in the production
of autologous TEHV.

Moreover, the combination of natural or synthetic scaffolds
with hiPSC technology for TE constructs demonstrated that
along with providing proper cell adhesion and proliferation,
scaffold vascularization was triggered and favored tissue
remodeling of the TE construct once implanted (Gaballa et al.,
2006; Miyagi et al., 2011; Shi et al., 2011; Geng et al., 2018; Lee A.
et al., 2019). Particularly, proven the promising preclinical and
clinical outcomes of decellularized tissue-engineered matrices
(Schmidt et al., 2010; Driessen-Mol et al., 2014; Emmert et al.,
2018; Lintas et al., 2018; Motta et al., 2018, 2019, 2020), such
starting materials could provide an interesting substrate to be
implemented within the hiPSCs therapies options.

DRUG DEVELOPMENT AND SCREENING

The preclinical development of new therapeutics or drugs
involves multiple processes, such as drug screening, in vitro
and in vivo pharmacological and pharmacokinetic activity
assessments, and safety analysis (Gromo et al., 2014). The
discovery of hiPSCs provided a new platform that significantly
changed preclinical drug screening and development (Paik
et al., 2020). The combination of hiPSCs to next-generation

sequencing, genome-wide association studies, and libraries of
molecules allowed for the establishment of a powerful cell-based
platform, which enabled the investigation of potential therapeutic
molecules (del Álamo et al., 2016; Sharma et al., 2018; Paik
et al., 2020). The application of an hiPSC-based platform
to cardiovascular pharmacology facilitated the generation of
patient-specific and disease-specific cell sources, such as hiPSC-
derived CMs, that exhibited pathophysiological phenotypes
similar to the one observed in diseased patients, thus providing a
screening platform for existing and new drugs (Chun et al., 2011;
del Álamo et al., 2016; Matsa et al., 2016; Sharma et al., 2018).
In particular, the use of hiPSC-derived CMs as a screening tool
to investigate the safety of drugs used in the treatment of HCM
(such as metoprolol and verapamil) was successfully proven (Han
et al., 2014). Furthermore, patient-specific hiPSC-derived CMs
were employed to assess the cardiotoxicity of chemotherapeutics,
such as doxorubicin and trastuzumab, showing how prolonged
exposure to such drugs, induced decreased cell viability,
perturbation in Ca2+ management, mitochondrial malfunction,
and contraction impairment (Burridge et al., 2016; Chaudhari
et al., 2016; Kitani et al., 2019). The available high-throughput
assays and high-scale production of hiPSC-derived CMs enabled
the simultaneous screening of multiple drugs on different lines
of hiPSC-derived CMs, thus generating a faster assessment of
drug-induced cardiotoxicity (del Álamo et al., 2016; Denning
et al., 2016; Blinova et al., 2018; Grimm et al., 2018; Millard
et al., 2018; Sharma et al., 2018; Burnett et al., 2019). Drug
cardiotoxicity represents one of the main concerns in cancer
treatment; thus, the development of hiPSC-based therapies
provided an unprecedented advantage to evaluate and discover
the cardiovascular toxicity of specific drugs, prior to clinical trials
(Sharma et al., 2018).

Although 2D in vitro cell models are routinely used, such
technologies lack the structural complexity, electrophysiology,
and expression profile of human tissues, which can reduce
the fidelity of the model and impair accurate characterization
of drug effects and toxicity predictions on cells (Veerman
et al., 2015; Machiraju and Greenway, 2019). In fact, the cell
types constituting human organs are co-dependent for the
exchange of molecules promoting growth, cell–cell interaction,
and cell–ECM interaction (Paschos et al., 2015). The advent
of 3D cell culture systems allowed to generate a more faithful
representation of the cardiac cellular microenvironment, thus
overcoming the limitations of 2D culture systems (Fong et al.,
2016; Correia et al., 2018; Ronaldson-Bouchard et al., 2018). It
has been suggested that the presence of 3D architecture and
ECM influences the drug diffusion and dose-dependent toxicity,
thereby providing a more reliable readout than 2D screening
systems (Langhans, 2018; Zuppinger, 2019). The implementation
of TE approaches further promoted a transition from 2D to 3D
models in the drug screening processes. In this regard, several
achievements have been made in the development of hiPSC-
based tissue-engineered 3D cardiac platforms (Langhans, 2018;
Zuppinger, 2019). As an example, hiPSC-derived CMs were used
to manufacture multilayered 3D cardiac tissues and adopted to
characterize drug-induced cardiotoxicity of various known drugs,
such as doxorubicin, hERG-type potassium channel blockers, and
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isoproterenol (Takeda et al., 2018). Other approaches involve 3D
printing of micro-physiological platforms simulating heart tissue,
which were implemented in drug studies (Polini et al., 2014; Lind
et al., 2017). To be noticed, a recent study developed an organoid-
based platform and established a method to investigate drug-
induced cardiotoxicity at the tissue level (Richards et al., 2020).

HiPSCS AND GENOME EDITING
TECHNOLOGIES FOR
CARDIOVASCULAR APPLICATIONS

The study of site-specific nucleases (SSNs) started with the
findings that DNA DSBs were repaired by the cell repair
machinery using the HDR or NHEJ pathway (Rouet et al.,
1994a,b). Subsequently, SSNs were implemented as a tool to
engineer the genome at targeted sites. The initial nucleases were
found to be hybrid proteins, known as ZFNs and TALENs, and
were followed by the latest, CRISPR-Cas9 (Musunuru, 2013). The
discovery of these nucleases revolutionized the field of genome
engineering and biomedicine (Musunuru, 2013). While ZFNs
and TALENs specific targeting relies on a protein-based system
with customized specificity to DNA, CRISPR-Cas9 specific DNA
targeting is RNA-guided and relies on a gRNA of 20 nucleotides
(Corrigan-Curay et al., 2015). CRISPR-Cas9 has quickly become
the most used gene editing technology due to the simplicity and
adaptability of the RNA-based targeting system, which is easily
customized to target any wanted sequence in the genome (Sander
and Joung, 2014; Corrigan-Curay et al., 2015). These molecular
editing tools have the ability to induce a DSB at a desired location
in the genome, thus leading to either NHEJ or HDR for DNA
repair. This allows for the introduction of a targeted mutation
related to a diseased phenotype or to correct a disease-causing
mutation (Cong et al., 2013). Progress in genome engineering
methods, especially using CRISPR-Cas9, led the way for the
development of isogenic cell lines, which in turn allowed for the
introduction or correction of a desired mutation and, thus, the
generation of several disease models (Hockemeyer and Jaenisch,
2016). Furthermore, the combination of hiPSC technology
and the improvement of hiPSC differentiation protocols with
CRISPR-Cas9 gene editing tools have established powerful
approaches for SC-related research, human disease modeling,
and drug development/screening (Schwank et al., 2013; Johnson
and Hockemeyer, 2015; Matano et al., 2015; Musunuru, 2017a).

Off-target effects are a limitation in the use of CRISPR-Cas9
technology and other gene editing tools (De Masi et al., 2020).
Off-target effects arise from unspecific targeting of the Cas9
nuclease, due to non-specific binding of the designed sgRNA
sequence (Fu et al., 2013; Tycko et al., 2016; Naeem et al.,
2020). The design of sgRNA is therefore very important to
properly guide the Cas9 nuclease and aims to the minimization
of unspecific genome binding (off-target events). Several studies
assessed the off-target occurrence in specific cell lines showing
that the frequency is cell-dependent (Fu et al., 2013), and that
iPSCs have a low off-target occurrence (Smith et al., 2014;
Veres et al., 2014). Nevertheless, off-target effects still represent
a limitation that requires further investigation to broaden the

clinical use of such gene editing tools (Rincon et al., 2015; Naeem
et al., 2020). An additional constraint that can affect gene editing
efficiency is linked to the delivery system (e.g., electroporation,
micro-injection, transfection, lipofection, or viral vector) and
the format of the Cas9 nuclease components [e.g., plasmid,
mRNAs, or ribonucleoprotein complex (RNP)] (Lino et al.,
2018). Depending on the format of Cas9, cells and/or tissues are
subjected to a prolonged exposure; thus, transient expression of
the Cas9 using RNP format is preferable to limit off-target effects
and avoid unwanted gene editing (Moore et al., 2015; Liang et al.,
2017; Sakuma et al., 2018; Singh et al., 2018).

The implementation of gene editing technology to CVD
modeling using hiPSCs produced isogenic hiPSCs, thus creating
genetically matched cells containing only selected inserted
mutations. This system could correlate specific mutations to
the observed phenotype (Dzilic et al., 2018) as well as generate
hiPSC-based disease models that recapitulated CVD (Wang et al.,
2014a; Kodo et al., 2016; de la Roche et al., 2019; Garg et al.,
2019; Mcdermott-roe et al., 2019). Besides introducing specific
mutations, various studies showed the potential of CRISPR-
Cas9 in the correction of single genetic mutations related to
various diseases, such as HCM, DCM, and LQTS (Karakikes
et al., 2015b; Limpitikul et al., 2017; Seeger et al., 2019). In
addition to gene editing, the CRISPR-Cas9 system also possesses
the ability to regulate gene expression. The development of a
catalytically inactive form of the Cas9 nuclease, known as dCas9,
repurposed Cas9 into a protein able to specifically bind DNA and
interfere with the gene expression, when targeted to a promoter
or a regulatory sequence using a gRNA (Gilbert et al., 2013;
Qi et al., 2013). Studies showed that the combination of the
dCas9 with a transcriptional repressor and the specific targeting
of the dCas9 toward a promoter or a regulatory sequence
induced a downregulation of the targeted gene (Gilbert et al.,
2013; Mandegar et al., 2016). Alternatively, studies demonstrated
that coupling of dCas9 to a transcriptional activator induced
the recruitment of gene effectors, thus leading to an increased
expression of the gene in question (Maeder et al., 2013).

Moreover, studies showed the ability of gene editing tools
to repurpose terminally differentiated cells, without having
to go through a pluripotent state (Gao et al., 2013). Recent
investigations showed the possibility of direct reprogramming
of terminally differentiated fibroblasts into skeletal myocytes
by targeting dCas9 coupled to an activator toward the Myod1
gene, inducing high expression of myogenic markers, thus
promoting differentiation from fibroblast directly into skeletal
myocytes (Chakraborty et al., 2014). This approach could directly
generate CMs and other relevant cardiac lineages in vivo, by
reprogramming resident CFs to restore and regenerate damage
tissue after injury.

The advances in gene editing and hiPSCs technologies
triggered the research of novel therapeutic approaches including
the possibility to either correct or introduce genetic mutations
in patient-specific hiPSCs (Hockemeyer and Jaenisch, 2016).
Furthermore, the pluripotency of hiPSCs provided massive
potential to differentiate edited hiPSCs into any required cell
type (e.g., CMs or cardiovascular-related cells). These autologous
cells can then be transplanted back into the patient, thus
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circumventing the immunological response (Kishino et al.,
2020). As previously mentioned, the transplantation and viability
efficiency of single cells is highly dependent on the cells
engraftment into the damaged tissue, which in the case of the
heart has been proven very low (Lemcke et al., 2018; Park et al.,
2019). In many cases, the host tissue requires the engraftment of
a high number of corrected cells to overcome the diseased area.
Advances in TE provided the necessary tools to overcome the
limitations of single cell transplantation allowing the generation
of bioengineered constructs, such as cardiac patches, vascular
grafts, and heart valves (Matsuo et al., 2015; Nakayama et al.,
2015; Fioretta et al., 2018; Lee A. et al., 2019; Luo et al., 2020).
In this context, patient-specific somatic cells can be minimally
invasively harvested, reprogrammed into hiPSCs, gene edited to
correct disease-causing mutations, and then re-differentiated into
the required cell types to produce autologous tissue constructs
that could be implanted into the patient without stimulating
an immune response. Furthermore, the CRISPR-Cas9 system
has shown the ability to manipulate the immunogenicity of
hiPSC-based tissue constructs by inducing the expression of
immune suppressive molecules, thus reducing rejection by the
host immune system (He et al., 2017; Zhao et al., 2020).
Specifically, CRISPR-Cas9 has been used to generate hiPSCs
lacking the human leukocyte antigen (HLA), thus reducing
their immunogenicity (Han et al., 2019; Jang et al., 2019;
Zhao et al., 2020).

While still in its infancy, the avenue of gene editing technology
provides new opportunities to tackle the many challenges of

disease modeling, regenerative medicine, and TE. Genome
editing completely changed the landscape of cardiovascular
research and has been demonstrated to be a powerful tool to study
and manipulate genome-related molecular function.

DISCUSSION

Therapeutic approaches to treat CVDs and regenerate severely
impaired tissues are under continuous development. However,
to date, except heart transplantation for advanced heart failure,
no curative treatments are available. The discovery of hiPSCs
has provided the researchers a novel tool to investigate the
underlying mechanisms of human diseases, including CVD. The
high proliferative capacity and the ability to differentiate into any
cardiac cell type opened the path for the generation of in vitro
disease models, recapitulating the biomolecular and structural
pathologies arising from cell mutations. The parallel advances
of genome engineering technologies, such as CRISPR-Cas9,
further optimized disease modeling processes using hiPSCs.
Furthermore, the combination of hiPSCs and CRISPR-Cas9
technologies gave a new perspective for personalized medicine, by
providing the necessary tools to correlate the disease phenotype
with the underlying environmental, genetic, and molecular
mechanisms for each individual patient (Hsu et al., 2014;
Karakikes et al., 2015a). Indeed, several studies demonstrate that
not only the influence of the patient’s genetic profile but also
the environmental exposure affects the development of a disease

FIGURE 3 | Therapeutic potential of hiPSC technology combined to gene editing and tissue engineering. The figure describes the potential applications of hiPSCs
and gene editing. First, hiPSCs would be generated from the reprogramming of patient-specific healthy or diseased somatic cells. Second, gene editing tools, such
as CRISPR-Cas9, would then generate isogenic cell lines harboring specific genetic mutations in the healthy hiPSCs, but also correct disease-causing mutations in
the patient populations. The generated hiPSCs could then be re-differentiated into various cell types and/or tissue. Finally, the differentiated isogenic hiPSCs could
be implemented in drug development/screening processes, biobanking, disease modeling, and tissue engineering. On the other side, the differentiated diseased
hiPSCs could be further employed for disease modeling and drug development/screening. When genetic mutations are corrected, then cell-based therapy and
tissue regeneration purposes can be applied. Adapted from servier medical art, licensed under a Creative Commons Attribution 3.0 Unported License.
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and its outcome. In other words, each human being presents
discrepancies in disease initiation and progression, reinforcing
the importance of personalized medicine (Loscalzo and Handy,
2014; Smith and White, 2014). In this context, hiPSCs represent
a promising cell source, giving access to patient-specific hiPSC-
derived cardiac cells that retain the genetic background and the
environmental influence of the patient they originate from, thus
allowing to monitor and recapitulate the patient’s phenotype
and their response to drugs (Engle and Puppala, 2013; Liang
et al., 2013; Figure 3). Furthermore, CRISPR-Cas9 technology
brings another tool to investigate the impact of genetic variation
against the environmental influence, by creating isogenic hiPSC
lines harboring a specific mutation out of healthy donor hiPSCs
and comparing the resulting phenotype with the one of hiPSCs
reprogrammed from diseased patients (Hsu et al., 2014; Dzilic
et al., 2018). In addition, the combination of hiPSC technology
with organoid/3D cell culture systems was used to generate
biobanks, which could be used in various contexts, such as drug
discovery, and as proof-of-concept for genetic disease correction
in combination with CRISPR-Cas9, before proceeding to clinical
trials (Geurts et al., 2020; Figure 3).

To properly study CVD origins and their 3D environment,
future treatment strategies should implement co-culture systems
of hiPSC-derived CMs with other cardiac cell types and TE
approaches to closely mimic in vivo pathologies. Such approaches
would recapitulate cell–cell and cell–matrix interactions, but may
also provide answers to CVDs that arise from cells interacting
with CMs. For instance, two examples of diseases that would
benefit from such an approach would be Marfan syndrome,
which leads to cardiovascular defects because of dysfunctional
connective tissue (Pepe et al., 2016), and the hypoplastic left heart
syndrome (HLHS) (Miao et al., 2020).

Looking at translational potential, the development of new
drugs is a long and tedious process that aims at the identification
of potential drug-induced adverse effects (e.g., cardiotoxicity)
(Ovics et al., 2020). The implementation of hiPSCs in the drug
development pipeline will therefore enable to assess patient-
specific drug responses and to perform early drug de-risking,
thus reducing the number of “bad” lead compounds candidates
progressing from the pre-clinical to clinical trials (Figure 3).

Next, the pluripotency potential of hiPSCs could also be
further combined to the genetic tool CRISPR-Cas9 aiming at
the generation of isogenic cell lines for regenerative medicine.
These isogenic hiPSCs can then be differentiated into the
desired cell types and be used as a building block to create
constructs for the replacement of damaged cardiovascular tissues
(Figure 3). This process can be applied to personalized tissue
regeneration by using a patient-specific cell for the production of
autologous tissue constructs, thereby avoiding immunogenicity
issues. Furthermore, the potential of CRISPR-Cas9 to generate
HLA deficient hiPSCs would grant a universal cell source
with reduced immunogenicity. This will eradicate the need for
autologous hiPSCs for cardiac regeneration, thereby reducing
time and cost constraints associated with patient-specific cells.

However, hiPSCs still present some concerns that need to
be addressed before their safe and effective translation into the
clinical setting will be possible. Studies showed that hiPSCs

can be subject to chromosomal aberrations, which can either
be inherited from the parental cells or arise from the cellular
reprogramming or prolonged culture periods, finally impacting
their differentiation potential and disease modeling (Mayshar
et al., 2010; Yoshihara et al., 2017). Moreover, hiPSC-derived
CMs are subject to specific limitations, such as the lack of
heterogenous cell population after differentiation into CMs and
lack of maturity (Gherghiceanu et al., 2011; Bedada et al., 2014;
Veerman et al., 2015; Koivumäki et al., 2018). These aspects
considerably limit the ability of hiPSCs-derived CMs to reliably
mirror the complete phenotype of mature CMs. Furthermore, the
immature phenotype reduces the ability of hiPSC-derived CMs to
model CVDs that manifest at a later developmental stage.

TE strategies present also some limitations that need to
be addressed before their broader clinical translation, such
as scaffolds biocompatibility and mechanical properties, cell–
cell interactions, cell–ECM interactions, and the vascularization
potential. Nonetheless, the rapid evolution in hiPSC and CRISPR-
Cas9 technologies combined to TE strategies carries an enormous
potential to advance the field of regenerative cardiovascular
research to the next level.

CONCLUSION

The discovery of patient-specific hiPSCs has revolutionized
the field of cardiovascular research. The differentiation
potential of hiPSCs into CMs and their ability to retain the
genetic background enable the generation of CVD models
and investigate the underlying mechanisms responsible for
pathological phenotype. On the other hand, advances in genome
engineering promoted by the CRISPR-Cas9 technology enabled
the generation of isogenic hiPSCs owing to specific genetic
mutations but also the correction of single mutations involved
in CVDs. Hence, hiPSC and CRISPR-Cas9 technologies are
providing a novel treatment option for personalized medicine,
and the potential combination of hiPSCs and CRISPR-Cas9
together with TE approaches could allow the generation of
specific 3D disease models systems and various tissue-engineered
constructs for cardiovascular regenerative purposes.
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Unlike adult cancers that frequently result from the accumulation in time of
mutational “hits” often linked to lifestyle, childhood cancers are emerging as diseases
of dysregulated development through massive epigenetic alterations. The ability
to reconstruct these differences in cancer models is therefore crucial for better
understanding the uniqueness of pediatric cancer biology. Cancer organoids (i.e.,
tumoroids) represent a promising approach for creating patient-derived in vitro cancer
models that closely recapitulate the overall pathophysiological features of natural
tumorigenesis, including intra-tumoral heterogeneity and plasticity. Though largely
applied to adult cancers, this technology is scarcely used for childhood cancers,
with a notable delay in technological transfer. However, tumoroids could provide an
unprecedented tool to unravel the biology of pediatric cancers and improve their
therapeutic management. We herein present the current state-of-the-art of a long
awaited and much needed matchmaking.

Keywords: organoids, tumoroids, cancer, modeling, genetic engineering, heterogeneity, plasticity, pediatric
cancer and oncology

INTRODUCTION

Pediatric cancers differ quite significantly from adult cancers. First, unlike adult cancers, childhood
cancers are rare, affecting approximately 15 per 100,000 children annually (Waldron et al., 2010).
Second, whereas adult tumors are most commonly carcinomas derived from highly differentiated
epithelial tissues, such as in breast, lung, colon, and prostate cancers, pediatric cancers encompass
a heterogeneous set of diseases that can be broadly subclassified into leukemias, lymphomas,
brain and non-central nervous system tumors, sarcomas, and additional rare cancers (Steliarova-
Foucher et al., 2005). Third, arising in the context of actively growing tissues, childhood cancers
are emerging as diseases of dysregulated development, corroborating the statement that “oncogeny
is blocked ontogeny” already summarized by Van R. Potter in the 1960s, whereas adult cancers
are often associated with lifestyle (Khan et al., 2010; Willyard, 2011). Consequently, the genomic
landscape of childhood cancers also differs. Not only is the mutational burden lower in childhood
malignancies compared with adult cancers, but the types of alterations and mutated genes also
differ. Indeed, rather than numerous mutational “hits” frequently observed in adult cancers,
recent sequencing studies have revealed that pediatric cancer-driving point mutations are enriched
in genes that encode epigenetic machinery (Gröbner et al., 2018; Ma et al., 2018). Moreover,
fusion oncoproteins are particularly prevalent among childhood cancers (Gröbner et al., 2018;
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Ma et al., 2018; Filbin and Monje, 2019). They result from
translocation juxtaposing oncogenes with partner genes that
often activate genes crucial to development, such as the paired
box (Pax) genes encoding a family of transcription factors that
orchestrate complex processes of lineage determination in the
developing embryo (Blake and Ziman, 2014). Interestingly,
both these driver point mutations and oncogenic fusion events
are largely specific to individual cancer types in which they
arise (Gröbner et al., 2018; Ma et al., 2018). Another feature of
pediatric cancers is that a relatively high percentage of patients
(∼8–10%; Gröbner et al., 2018; Ma et al., 2018; Savary et al., 2020)
carry an unambiguous germline mutation that predisposes them
to developing cancer. Finally, childhood cancers are often cited
as the modern success story of medical research owing to the
advent of chemotherapy. Cure rates for childhood cancers have
evolved from <25% in the pre-chemotherapy era to about 80%
(Gatta et al., 2009) in recent decades (Pui et al., 2011; Saletta et al.,
2014). However, we need to keep in mind that pediatric cancer is
still the leading cause of death by disease for children in western
countries, with 20% of children not responding or relapsing after
first-line treatment, and with a very poor outcome due to the
absence of efficient second-line therapies (Steliarova-Foucher
et al., 2005). Moreover, many children who survive cancer
suffer from long-term sequelae including organ toxicity, mental
disabilities, and secondary cancers, and some pediatric cancers,
such as diffuse intrinsic pontine glioma, are still uniformly fatal
(Landier et al., 2015; Vanan and Eisenstat, 2015).

The differences arising between pediatric and adult tumors
emphasize the need for considering pediatric cancers separately,
and demonstrate the requirement for distinct therapeutic
approaches compared with adult cancers. However, the in vivo
testing of such novel therapies remains limited in children for
ethics reasons, and the reliance on cancer models reconstructing
tumoral heterogeneity is therefore primordial for understanding
pediatric cancer biology and response to therapies. Over the
past 20 years, advances in stem cell biology and in vitro
three-dimensional (3D) culture technologies have heralded a
revolution in biology and medicine. A major recent step
in this revolution has been the development of methods to
generate, under controlled cultured conditions, 3D structures,
known as organoids (Clevers, 2016). Among multiple organoid
applications, the establishment of cancer organoids (i.e.,
tumoroids) has recently emerged as a prominent tool to enhance
our understanding of human cancers by faithfully mimicking
in vitro both inter- and intra-tumoral heterogeneity (Gao et al.,
2014; Boj et al., 2015; Matano et al., 2015; Broutier et al., 2017;
Shimokawa et al., 2017; Fumagalli et al., 2020; Jacob et al., 2020;
Karakasheva et al., 2020). In this review, we present some of the
models used in the pediatric cancer field over the past century.
Moreover, we define and describe current cancer organoid
models and provide an overview of their use and importance
in basic and translational research. Many excellent reviews have
described the variety of organoid models highlighting their
relevance for cancer modeling (Clevers, 2016; Drost and Clevers,
2018; Smith and Tabar, 2019; Tuveson and Clevers, 2019), and
we will herein focus on why and how these tumoroids could also
provide an unprecedented tool to unravel the biology of pediatric

cancers, in particular, to explore the role of dysregulation of
epigenetic processes involved in cell specification and plasticity
in pediatric oncogenesis. Finally, we offer concluding remarks
and perspectives in line with these findings, to draw attention to
the scarcity of exploitable data and data sharing in the field of
pediatric cancer.

HISTORICAL OVERVIEW OF PEDIATRIC
CANCER MODELS

The use of in vitro cancer cell lines and animal model systems
in cancer research during the late 20th and early 21st centuries
has been successful in many areas, such as improving our
understanding of oncogenic signaling pathways, identifying
potential drug targets, or guiding the design of candidate
drugs. Historically, the development of these conventional
cancer models has progressed along a common discovery
pipeline (Figure 1).

Most of our current understanding of cancer and its hallmarks
is based on the establishment of long-term in vitro cultured tumor
cell lines. It is commonly admitted that tissue culture has arisen
around the turn of the 20th century with the hanging drop tissue
culture technique developed by Ross Harrison for frog neurons
(Harrison, 1906). Several years later, Carrel and Burrows defined
a basic protocol to standardize the in vitro culture of cells from
different tissues of origin. In particular, sarcoma and carcinoma
samples that were obtained from rats, dogs, and humans were
cultured in vitro while using horse or bovine plasma (Carrel and
Burrows, 1911). The development of techniques and media for
cell culture subsequently improved, and in 1951, Gey established
the first continuous, and internationally acknowledged, human
cancer cell line derived from an adenocarcinoma of the cervix
(HeLa cell line established from a biopsy of Henrietta Lacks; Gey
et al., 1952). A decade later, Pulvertaft established the Raji cell
line, as one of the first pediatric cancer cell lines derived from
an 11-year-old African Burkitt lymphoma patient (Pulvertaft,
1964). Since then, hundreds of cancer cell lines have been
established and propagated in vitro. However, 2D cancer cell lines
have many limitations, such as non-physiological interactions
between the cellular and extracellular environments, changes in
cell morphology and polarity, and lack of reflection of the genetic
diversity within a whole tumor. Indeed, cancer cell lines, after
several passages, lose many features of their original in vivo
state, notably through selection and expansion of clones capable
of growing in non-physiological conditions (Lee et al., 2006).
Moreover, cells cultured in vitro for several passages display
substantial and unpredictable genetic changes (Lee et al., 2006).
These disadvantages led to the creation of models that are more
closely able to mimic conditions in vivo.

First, 3D cell culture methods were developed to recreate a
more physiologically relevant environment. In contrast to 2D
resulting in a monolayer cell expanding on a flat surface of
glass or commercial polystyrene plastic flasks for tissue culture,
3D cell cultures usually promote the formation of cellular
aggregates. Throughout the 20th century, researchers working
toward generating organs in vitro from dissociated cells helped
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FIGURE 1 | Landmark studies in cancer model discovery. The history of cancer models can be retraced back to the early 1900s, when Harrison described the first
tissue culture technique and when Carrel and Burrows defined a basic protocol to standardize the in vitro culture of human malignant tumors. Thereafter, the
development of these cell culture techniques generated the first human cell line derived from a patient (HeLa) in 1951 and the Raji cell line, as one of the first pediatric
cancer cell lines in 1963. In parallel with these in vitro models, many animal cancer models emerged following the discovery of tumors in drosophila in 1918, the first
xenografts of human tumor in chorioallantoic membrane (CAM) of chick embryo in 1918, in immune-repressed rodents in 1953, or in zebrafish in 2006, and the
generation of genetically engineered animal cancer models. Later, in order to recreate a cancer model closely mimicking the histological complexity and genetic
heterogeneity of human cancers, the first tumoroids derived from a patient tumor tissue were described by Sato et al. in 2011. The first tumoroids were then
engineered from normal human tissue-specific SCs and the generation of an organoid biobank for a pediatric cancer was described. Yellow boxes highlight pediatric
cancer models.

this field to evolve rapidly [for an overview, see Lancaster and
Knoblich (2014) and Simian and Bissell (2017)], and spheroids,
defined as 3D cellular aggregates and obtained from a large
diversity of cell types, such as immortalized cancer cell lines
or primary tumoral cells, are currently the most common way
to culture cancer cells in 3D (Edmondson et al., 2014; Costa
et al., 2016). These 3D spheroids can be cultured using a wide
range of methods relying on the use of a supporting scaffold or
the intrinsic capacity of cells to self-assemble into clusters when
cultured on non-adhesive materials, under surface tension, and
gravitational force (e.g., hanging drop techniques) or constant
circular rotation of vessels (e.g., spinner culture; Edmondson
et al., 2014; Costa et al., 2016). In all cases, these techniques
facilitate cell–cell and/or cell–matrix interactions to overcome
the limitations of traditional monolayer cell culture (Ryu et al.,
2019). Although these 3D cultures have a greater physiological
relevance than 2D cultures and have drawn increasing interest in
drug discovery due to their evident advantages in providing more
predictive data for in vivo tests, the microenvironment is often
not maintained, and neither are long-term propagation ability
nor genetic heterogeneity and stability. Hence, the need for/use
of other cancer models still remains.

Second, both cancer cell lines and surgically derived
primary clinical tumor samples have been grafted into animals,
predominantly rodents. These models are known as cell

line-derived (CDX) and patient-derived (PDX) xenografts,
respectively. In such models, tumor architecture and the relative
proportion of cancer cells and stromal cells are maintained to
a large extent, which yields better resemblance to the original
tumor compared with in vitro cancer cell lines. In 1953, a PDX
hallmark study by Toolan (1953) showed that it was possible
to grow human tumor cells in x-irradiated rodents. In that
experimental setup, 101 human tumors implanted in cortisone-
treated x-radiated rodents, 90% survived and proliferated for
12–20 days. Considering pediatric solid tumors, a delay of
almost 20 years saw the first attempt at xenotransplantation
by Cobb et al. in 1972 of a rhabdomyosarcoma specimen into
thymectomized hamsters, which were additionally treated with
antithymocyte serum. In that study, PDX resulted in limited local
tumor growth in two-fifths of the animals and in the development
of lung metastases in one-third of the animals (Cobb, 1972).
Thereafter, the first successful CDX was reported in 1975 by
Helson et al. In this study, human neuroblastoma cell lines
(SK-N-SH and SK-N-MC) were injected into immunodeficient
Swiss Webster mice. Tumor growth developed at the injection
site within 8 to 21 days, and the tumors were histologically
identical to the original tumor with evidence of morphological
differentiation (Helson et al., 1975). Later, the development of
immunocompromised mice resulted in improving the success
rate of engraftment and the establishment of CDX and PDX
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models for a broad variety of adult and pediatric cancers (Shultz
et al., 1995, 2005; Traggiai et al., 2004; Drake et al., 2012).
In the past 50 years, many studies demonstrated the value
of CDX and PDX in rodents as preclinical models to better
understand cancers, develop novel treatments, predict clinical
response in patients, and unravel biomarkers for drug sensitivity
and resistance (Houghton et al., 2007; Monsma et al., 2014;
Rosfjord et al., 2014; Gao et al., 2015; Geier et al., 2015; Nicolle
et al., 2016; Townsend et al., 2016; Mohamed Suhaimi et al., 2017;
Stewart et al., 2017; Brabetz et al., 2018; Rokita et al., 2019).

Rodents are not the only animals used to perform CDX
and PDX models. The first applications of the chick embryo
and chorioallantoic membrane (CAM) in oncology research
were announced more than a century ago (Murphy and
Rous, 1912). In 1914, Murphy observed that transplants of rat
tissue could grow on the vascular CAM of chicks up until
developmental day 18 (Murphy, 1914), which demonstrated the
natural immunodeficiency of the developing chick, rendering
it amenable to tumor xenografting (Stevenson and Wood,
1918). Since then, chicken CAM assays have been largely
used for modeling tumor angiogenesis, cancer metastasis, or
drug testing. For example, in the field of pediatric oncology,
Shoin et al. (1991) assessed CAM-based PDX model efficacy
for two drugs used in the treatment of malignant glioma,
ependymoma, and medulloblastoma, and found a high degree
of positive association between the chick embryo assay and
clinical outcome. Moreover, Ribatti et al. (2001) developed a
CAM-based PDX model for neuroblastoma and noted that a
high vascular index was correlated with poor prognosis, making
the CAM particularly appropriate to investigate neuroblastoma
growth with its metastatic process, and to use as a platform for
anti-metastatic drug testing (Ribatti and Tamma, 2018; Swadi
et al., 2018; Pawlikowska et al., 2020). Of note, in 2017, Delloye-
Bourgeois et al. (2017) developed a model in which human
neuroblastoma cell lines were grafted directly into the chick
sympatho-adrenal neural crest, providing an innovative and
relevant model to uncover the molecular players involved in
the onset of metastatic neuroblastoma. Zebrafish embryo and
larvae are also good transplant recipients, as their immune system
does not fully mature until 4 weeks of age. In 2006, the first
human cancer cell xenograft in zebrafish larvae was reported for
melanoma (Haldi et al., 2006). 10 years later, proof-of-concept
studies were published showing the development of PDXs in
zebrafish larvae from solid tumors (Mercatali et al., 2016; Fior
et al., 2017), suggesting that zebrafish larvae xenografts could
be a promising in vivo screening platform for drug testing and
precision medicine. However, the lower temperatures required
for larval growth (28–35◦C) eventually kill the human cells,
narrowing down the relevance of this model. In that context,
optically clear zebrafish strain that lacks T and B lymphocytes
and natural killer cells, and grows at 37◦C represents an exciting
recent advance to allow long-term xenotransplantation of cancer
cell lines and patient-derived cancer cells into adult zebrafish
(Yan et al., 2019) and will have to be explored in the field of
pediatric cancers. Albeit, immunocompromised models are still
not ideal as many cancer patients retain functional immune
systems prior to therapy.

In an insightful alternative approach to tumor transplant
models for biological and therapeutic investigations, the
generation of genetically engineered mouse models (GEMMs)
emerged in the 1980s based on an increasing understanding
of the genetic aberrations underlying tumorigenesis [for an
overview, see Hanahan et al. (2007)]. A wide range of GEMMs
for adult cancers were developed in the following 10 years.
Eventually, in 1990, Windle et al. (1990) developed one of
the first pediatric cancer GEMMs using the simian virus 40
(SV40) large T antigen (Tag) gene cohybridized with the
luteinizing hormone β-subunit (LHβ) gene as promoter. This
model produces heritable ocular tumors with histological,
ultrastructural, and immunohistochemical features identical to
those of human retinoblastoma. Later in 1997, Weiss et al. (1997)
developed the most widely used GEMMs for neuroblastoma
research. This transgenic mouse overexpresses MYCN through
a tyrosine hydroxylase promoter (TH-MYCN) and was the
first model used to demonstrate that MYCN amplification
can drive neuroblastoma development, highlighting the MYCN
pathway as a potential therapeutic target. In contrast to PDX
and CDX models, GEMMs display de novo tumorigenesis in a
fully immunocompetent host environment. Moreover, GEMMs
recapitulate molecular and histopathological features of human
cancer and can model metastatic disease. Thus, they reproduce
both cancer cell-intrinsic and cell-extrinsic components, and can
successfully be used to validate new oncogenic pathways, drug
targets, and assess therapeutic efficacy including in the case of
immunotherapies.

Even though mouse is the most common system used for
the generation of genetically engineered models for cancer
research, others research animals can be efficiently genetically
modified and have contributed greatly to our understanding of
human malignancies. Zebrafishes are relatively easy to genetically
engineer by microinjection at the one-cell stage embryo. They
present a significant conservation of human cancer-associated
genes. Moreover, they develop cancers that are histologically and
genetically close to those of humans. In 2003, Langenau et al.
(2003) demonstrated that expression of the mouse oncogene
Myc under the zebrafish recombination activating gene 2 (rag2)
promoter resulted in the rapid onset of adult leukemia that
emerge from the thymus. Since then, more than 50 genetically
engineered zebrafish models of human cancers have been
established and characterized, and have been shown to closely
mimic their human counterparts at the histological and/or
genomic levels. They helped to accelerate the discovery of new
mechanisms driving human cancers and identify new drugs for
clinical trials. For example, in 2007, the most studied zebrafish
model of embryonic rhabdomyosarcoma (ERMS), a pediatric
sarcoma exhibiting skeletal muscle features, was developed using
a rag2 promoter to drive the expression of a constitutively active
krasG12D gene in muscle satellite cells (Langenau et al., 2007).
Gene set enrichment analysis and RNA in situ hybridization
studies using clinical markers of human RMS validated that the
genomic landscape of zebrafish tumors closely resembles human
ERMS (Langenau et al., 2007). Moreover, this zebrafish ERMS
model has been used to identify potential genes that influence
the behavior of tumor-propagating cells during ERMS initiation,
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and to test the efficacy of drugs (Le et al., 2012). For an overview
on how zebrafish pediatric cancer models have and could in the
future advance the field of pediatric cancers as a preclinical model
please refer to Casey and Stewart (2020). The fruit fly, Drosophila
melanogaster, is used as a model organism to study disciplines
ranging from development to disease. Notably, conservation
of signaling pathways controlling cell growth, differentiation,
and invasion between humans and flies, and the availability
of powerful genetic tools has made Drosophila a useful model
organism to study cancer biology. From the initial studies of
Mary Stark discovering tumors in Drosophila and providing the
experimental support for the theory of cancer as a disease of the
chromosomes in 1918 (Stark, 1918), through the breakthrough
research of Elizabeth Gateff on tumor suppressor genes (Gateff
and Schneiderman, 1967, 1969, 1974) to the revival of the fly
model for cancer studies at the beginning of the new century with
genetically engineered Drosophila developing human cancers
such as thyroid, lung, prostate, gut, or brain models, Drosophila
models have proven to be a very powerful model to study
cancer. For example, Drosophila has been successful used to
study Neurofibromatosis 1, a genetic syndrome with highly
elevated risk of associated childhood cancer. The mutant Nf1
fly provided some of the first evidence that dysregulation of
Ras pathway signaling is a major cause of Neurofibromatosis
1 (Williams et al., 2001), and this result was further supported
by Barkan et al. (2006), who in 2006 demonstrated the use
of a Ras inhibitor as a potential drug for the treatment
of NF1. More recently, using Drosophila, Narbonne-Reveau
et al. (2016) described a neural stem cell-encoded clock that
delineates an early window of malignant susceptibility during
early development underlining the importance of deciphering
temporal specification mechanisms in the nervous system to help
in identifying the cell types and gene networks at the origin of
pediatric neural cancers. As a leading example of the power of
Drosophila in oncology, flies, known as avatar flies, are currently
being genetically engineered to carry the specific mutations of a
cancer patient, and are used to define specific anti-cancer drug
cocktails for personalized medicine and could hold great promise
for pediatric cancers (Bangi et al., 2019).

In the past century, conventional models presented above
have offered useful insights into cancer research that have
guided the design of innovative candidate drugs. However,
many of these drugs fail in human clinical trials because of
either ineffectiveness or unbearable side effects. This can, at
least in part, be explained by the fact that the histological
complexity and genetic heterogeneity of human cancers are
typically not reflected in those conventional models. While
cell lines are constitutive to many types of experimental work,
they tend to drift away from the genomic features or growth
characteristics of parent tumors over time, a widely recognized
limitation. Likewise, despite the undeniable importance of animal
models, they also have some drawbacks. In particular, their
genomic and immune profile does not match complex tumor–
host interactions. Indeed, a number of biological phenomena that
are specific to humans are not amenable to being reproduced in
other animals. Therefore, additional disease modeling strategies
that bridge the gap between animal models and human beings

and mimic the histological complexity and genetic heterogeneity
of human cancers are needed to complement existing techniques
in cancer research. The emergence of the organoid technology
based on stem cell and 3D culture approaches has therefore received
worldwide attention as having the potential to overcome some
conventional cancer model limitations.

ORGANOIDS: INNOVATIVE TOOLS IN
CANCER RESEARCH

Classical models have shown their limits in understanding
the molecular basis of childhood and adolescent cancers
and in modeling the effects of new therapies. In recent
years, the epigenetic component of pediatric cancers, their
strong developmental valence, and the impact of functional
heterogeneity and plasticity on resistance to treatments have
emerged as key levers to be understood in a specific way to
improve their therapeutic management. In this context, the
recent successes achieved for certain adult cancers suggest that
organoids undeniably have the characteristics to face these
challenges in pediatric oncology.

Organoid Definition and Generation
A Need for Definition
Over the past 20 years, advances in stem cell biology and
in vitro 3D culture technologies have heralded a revolution in
biology and medicine. A major recent step in this revolution has
been the development of methods to generate, under controlled
cultured conditions, 3D structures, known as organoids (Bartfeld
and Clevers, 2017). The word organoid initially defined a
series of cell culture techniques that are not necessarily a
single technique (Lancaster and Knoblich, 2014). However, since
organoid technology is becoming an independent research tool,
a precise definition is necessary. Based on grammar, -oid is a
suffix meaning “resembling,” used in the formation of a noun,
which per se implies an incomplete or imperfect resemblance to
what is indicated by the preceding element. In essence, organoid
thus means “resembling an organ.” Several elements have been
added in the past decade to refine this broad definition. First,
one feature is common to all organoids: they are derived from
stem cells, pluripotent stem cells (PSCs), or tissue-specific stem
cells (tSCs). Second, organoids have to contain several cell types
that develop from these stem cells and self-organize through cell
sorting and spatially restricted lineage commitment as observed
in vivo during organogenesis or tissue regeneration. Finally,
organoids have to exhibit at least some organ functionalities
of the modeled tissue. Hence, we can define organoids as
in vitro 3D cellular clusters grown from stem cells, in which
cells self-organize into progenitors and more differentiated organ-
specific cell types, which recapitulate at least some functions of
the organ of interest (Lancaster and Knoblich, 2014; Clevers,
2016). In 2009, a landmark study from Sato et al. showed that
single leucine-rich repeats containing G protein-coupled receptor
5 (Lgr5)-expressing adult intestinal stem cells in appropriate
culture conditions could form 3D intestinal structures faithfully
mimicking their in vivo counterpart. Indeed, these 3D cultures
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FIGURE 2 | Flowcharts of the establishment of pluripotent stem cell (PSC)-derived and tissue-specific stem cell (tSC)-derived organoids. Organoids can be
established from PSCs (iPSCs and ESCs) or tissue-specific SCs (tSCs; left-hand box). Two key steps are involved in PSC-derived and tSC-derived organoid
production. First (central box), the identification of crucial cell signaling pathways allowing directed differentiation (combinations of morphogens and growth factors)
and/or to establish a permissive environment for the stem cell culture by mimicking their in vivo niche (specific growth factors and inhibitors). Second (right-hand
box), cultures are grown so as to favor their expansion in three dimensions, which is achieved either by aggregating cells into 3D structures or by embedding the
cultures into a 3D matrix scaffold.

self-organized and differentiated into crypt–villus structures
(Sato et al., 2009). This work set the scene for many subsequent
organoid models from various sources. [For an overview see Kim
et al. (2020)].

How Are Organoids Generated?
Regardless of the stem cell source, the process to generate
organoids involves two key steps relying on our understanding
of stem cell physiology including their ability to self-renew and
generate differentiated cells. First, crucial signaling pathways
regulating self-renewal, proliferation, quiescence, cell-death,
and cell-lineage commitment are inhibited or activated using
commercially available signaling inhibitors and morphogens, or
conditioned media in order to establish a permissive environment
for the stem cell and its progenies to expand and acquire
correct identity during spatially restricted lineage commitment
occurring in organoids. The idea here is to exploit developmental
processes for PSC-based organoid establishment and mimic
the in vivo stem cell niche present during physiological tissue
self-renewal or during damage repair for tSC-based organoid
establishment (Figure 2). Second, cultures are grown in three
dimensions, which is achieved either by aggregating cells into
3D structures and/or by growing them within or on 3D
supporting matrix scaffold (biological or synthetic hydrogels that

resemble the natural extracellular matrix; Figure 2). Usually,
PSCs undergo stepwise differentiation protocols, in which the
timing, concentration, and combination of specific cues is crucial
in order to progress to defined differentiation states within
developmental lineages. During this process, cells aggregate to
form organoids that faithfully mimic the desired organ (Spence
et al., 2011; Lancaster et al., 2013; Dye et al., 2015; Trisno
et al., 2018). In contrast to these sophisticated processes, tSC-
derived organoids can be generated directly from a biopsy of the
organ of interest, after mechanical and enzymatic dissociation
and seeding of the cell suspension in an appropriate cocktail of
growth factors, inhibitors, and often matrix scaffold to sustain
differentiation and self-renewal (Sato et al., 2011; Karthaus et al.,
2014; Linnemann et al., 2015; Sampaziotis et al., 2017; Turco et al.,
2017; Hu et al., 2018; Sachs et al., 2019). This ability to self-renew
is the main difference between PSC-derived organoids and tSC-
derived organoids: tSC-derived organoids can be expanded for
several passages, thus, forming the basis for the building of living
biobanks for biomedical research (Boers et al., 2016).

Organoids do not require immortalization before in vitro
culture and, thus, allow the study of close to native tissues in both
their cellular identity, composition, and architecture, and are far
more amenable to genome editing and high-resolution imaging
than in vivo models. As such, they represent an important
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bridge between traditional 2D cultures and in vivo mouse/human
models. The paucity of in vitro cancer models that faithfully
mimic human cancers has impeded our full understanding
of oncogenic processes and, consequently, our ability to
anticipate therapeutic responses. Today, organoid technology
appears as a straight-thinking approach for the creation of
models that, as organoids of organs, closely recapitulate tumor
cellular identity, composition, and architecture, and subsequent
pathophysiological traits of natural tumorigenesis and metastasis
in vitro (Muthuswamy, 2018).

Organoid Technology and Cancers
A Need for Nomenclature, Definition, and Concept
In the past years, organoid technology has rapidly conquered the
cancer research field as a powerfully exploitable tool to create
innovative and robust models for both basic and translational
cancer research applications. As for organoids, the recent
extensive use of such models encourages a precise definition.
In this review, we recommend the use of the term tumoroid.
Indeed, following the logic of “organoid” meaning “resembling
an organ,” tumoroid encompasses models aiming at reproducing
a tumor in a dish and can be defined, by analogy to organoid,
as in vitro 3D cellular clusters derived from tumoral cells with
stem cell-like properties (hereafter called cancer stem cells CSCs),
in which cells spontaneously self-organize and recapitulate the
histological, molecular and differentiation status of the tumor of
interest. They may be derived directly from tumoral tissues or
generated by genetic engineering of PSCs or tSCs. Of note, the
largely used term cancer organoid, i.e., “cancer resembling an
organ” is incongruous and should be avoided. Moreover, cancer
and tumor are often used as synonyms, but they do not always
apply to the same thing. The term “tumor” is a commonly used
term for a neoplasm, a type of abnormal and excessive growth, of
tissue. Neoplasms may be benign or malignant (cancer). Tumor
is therefore a general term that can refer to benign or malignant
growths: as such, it has a broader definition than cancer and,
thus, regroups more models based on the nomenclature defined
above. Finally, we believe that the organoid technology applied to
the field of cancer research should possess its own terminology
since organs and tumors are very distinct entities, not governed
by the same rules. We acknowledge that a better understanding of
organ development and regeneration is key to unraveling tumor
behavior that often results in the dysregulation or hijack of these
physiological pathways, but we would like to emphasize here
that dissecting tumor biology via this prism alone is a limiting
approach considering the complexity of genetic and epigenetic
intratumoral heterogeneity.

All Tumoroids Are Not Equal, but They All Have
Assets to Herald a New Paradigm in Pediatric Cancer
Modeling
Over the past decade, we have witnessed tremendous progress
in SC technologies and 3D culture methods. Together with
improved genome editing tools and differentiation protocols,
these advances have facilitated the development of new models
of human cancer (Hochedlinger and Plath, 2009; Artegiani et al.,
2020; Gier et al., 2020), such as tumoroids that can be generated

by engineering tumorigenic alterations of PSCs and tSCs or
directly derived from tumoral tissues. Similar to organoids, the
process of generating tumoroids can be summarized in two key
steps (Figure 3). In this part, we aim to provide a concise but
complete overview of these different tumoroid systems, their
main attributes, and their key applications. For more details,
please refer to excellent reviews on the topic (Drost and Clevers,
2018; Smith and Tabar, 2019; Lo et al., 2020).

Bottom–up approaches: from tumorigenic alterations to
tumoroids
As cancer is thought to result from gradual accumulation
of mutations in disease-driving genes, bottom–up tumoroid
modeling mainly relies on introducing sequential oncogenic
events to recapitulate tumoral initiation, evolution, and
progression in specific organs. This strategy may be particularly
appropriate for dissecting the mechanisms of tumor initiation
and transformation in pediatric cancers, since it is known that
their mutational burden is lower than that observed in adults
and that one or two genetic oncogenic events may be sufficient
to switch the cells to a tumor fate. Tumorigenic alterations,
individually or in combination, can easily be introduced into
either tSC- or PSC-derived organoids by different genome-
editing tools such as CRISPR/Cas9-mediated gene editing and
lentiviral transduction (Huang et al., 2015; Hockemeyer and
Jaenisch, 2016; Sun et al., 2019) in order to obtain tumoroids.
Overall, these tumoroid models build on tumorigenesis de novo
by initiating genetic changes in normal cells, providing a unique
opportunity for modeling oncogenic processes. Of note, cellular
and molecular analyses in such models depend on comparisons
with non-engineered cells, which, ideally, should be isogenic, i.e.,
derived from the same individual, so that they share all germline
(but not somatic) variants.

Two landmark studies, starting from healthy human intestinal
organoids, exploited CRISPR-Cas9 genome editing to introduce
combinations of common colorectal cancer (CRC) driver
mutations recapitulating the classical “Vogelgram” model
(Fearon and Vogelstein, 1990; Drost et al., 2015; Matano
et al., 2015). Interestingly, authors showed that CRC driver
mutations support their growth as invasive adenocarcinoma
in vivo into xenotransplanted mice, confirming the oncogenic
transformation (Fumagalli et al., 2020). Additionally, they
demonstrated that loss of APC and TP53 are key drivers of
aneuploidy and chromosome instability, two hallmarks of cancers
(Drost et al., 2015). Tumorigenic engineering studies have rapidly
progressed from early work in CRC, and today, the paradigm of
oncogenic conversion of intestinal organoids has been enlarged
to many prevalent solid tumor types. Thereby, it has shed
light on the mechanisms through which certain cell types and
differentiation states are more or less amenable to transformation
by given mutations (Crespo et al., 2017). Reciprocally, bottom–
up tumoroid models can also help to highlight how mutations
can lead to a shift in cell identity (Friedmann-Morvinski and
Verma, 2014). Moreover, bottom–up tumoroid modeling may
provide important insight into tumor evolution, which may be
difficult to apprehend in cancer cells due to the activity of many
concomitant mutational processes, making it challenging to study
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FIGURE 3 | Schematic diagram depicting current methods for generating tumoroids. Tumoroids can be established from PSCs (iPSC and ESC), tissue-specific SCs
(tSCs), and directly from tumor biopsies, resection, or fluids (left-hand box). Similar to organoids, two key steps are involved in tumoroid derivation. Following genetic
engineering (for PSCs and tSCs) and directed differentiation in a specific cell lineage by morphogens (for PSCs), identification of key cell signaling pathways to mimic
CSC niche factors (growth factors and inhibitors) allows tumoral cells to be cultured in three dimensions (aggregation or matrix scaffold; central and right-hand
boxes).

the origin of mutational signatures. For instance, the origin of
cancer-associated mutational signatures can be studied using
CRISPR-Cas9 technology to delete key DNA repair genes in
human organoids and whole-genome sequencing, as exemplified
by Drost et al. (2017) Indeed, they found that depletion of MLH1,
a key DNA repair gene, leads to the accumulation of mutations
driven by replication errors in colonic organoids and accurately
models the mutational profile observed in mismatch repair-
deficient colorectal cancers. Moreover, the chemotherapeutic
drug 5-fluorouracil (5-FU), commonly used for the treatment of
solid cancers, was shown to accelerate tumor evolution (T > G
substitutions) in vitro in intestinal organoids, corroborating
results in vivo in colorectal and breast cancer patients who
received 5-FU treatment (Christensen et al., 2019). These studies
demonstrate the possibility of conducting longitudinal tumor
evolution studies in human tumoroids and may provide novel
insights into the deleterious side effects of chemotherapeutics
and the increased risk of secondary cancers later in life. Along
the same line, interplay between oncogenic alterations, and
environmental and microenvironmental factors in the malignant
process can be investigate in bottom–up tumoroids. For example,
the culture conditions in which organoids are maintained
have also been leveraged to uncover patient-specific aspects of
cancer biology. Thus, CRC tumoroids established by sequential
introduction of driver mutations result in a progressive loss

of stem cell niche factor requirements during tumorigenesis
in vitro and highlight microenvironmental dependencies of
human CRC tumors according to their mutational pattern
(Drost et al., 2015; Matano et al., 2015). Moreover, organoid
co-cultures with pathogens can be used to model host–
pathogen interactions as potential risk factors for cancer
development. Some bacterial species are enriched in patients
with colorectal cancers, and have been associated with such
cancers without a direct demonstration. Recently, researchers
exposed human intestinal organoids to genotoxic colibactin-
producing Escherichia coli by repeated luminal injection. Whole-
genome sequencing analyses revealed a distinct mutational
signature [single thymine (T) deletion signature associated with
an increase in T > N substitutions] that was absent from
organoids injected with isogenic colibactin-free bacteria. The
same mutational signature was detected in human colorectal
cancer, suggesting a causal effect of a past exposure to bacteria
carrying a colibactin-producing pathogenicity island in CRC
genesis (Pleguezuelos-Manzano et al., 2020).

The efficacy of generating PSC-based cancer models from
patients may depend on cancer type and on the efficiency
on standardized differentiation protocols, including epigenetic
reprogramming, used to obtain the cell type that corresponds
to the cancer of interest. Hence, whenever feasible, it seems to
be more practical to grow tumoroids directly from tSCs than to
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involve an intermediate PSC step. However, the ability of hPSCs
to progress to defined differentiation states within developmental
lineages, for which tSCs might be difficult to obtain, represents an
unprecedented opportunity for cancer researchers, especially for
pediatric cancers with their strong spatiotemporal developmental
valence (Filbin and Monje, 2019). As an intermediate strategy,
although inefficient compared with that of normal cells,
generating iPSCs from a variety of cancer cell types has proven
effective in the laboratory (Papapetrou, 2016). These cultures
are then re-differentiated along the relevant lineage (from
which the putative cell-of-origin arose) and retain an intact
oncogenic cancer cell genome, in order to identify means of
overcoming the differentiation blockade that often characterizes
tumoral growth. In that context, concomitant reprogramming of
isogenic normal cells for direct comparison is essential and can
reveal how cancer genomes affect progression through cellular
lineages (Stricker et al., 2013; Kotini et al., 2015). This approach
is particularly advantageous when interrogating cancer-related
processes addressing complex genomic aberrations that cannot
be easily introduced through exogenous means, including copy
number alterations and loss of genomic regions containing
multiple genes and regulatory sequences. Nevertheless, it should
be noted that the reprogramming of cancer cells into iPSCs
themselves might be affected by the presence of somatic
mutations and alter, per se, the lineage progression of cancer-
iPSCs during directed differentiation, thus, confounding our
understanding of such processes. This could particularly hold
true for pediatric cancers due to their strong epigenetic
component and to the importance of this particular chromatin
context in the oncogenic reprogramming.

Top–down approaches: from tumoroids to oncogenic
mechanisms
Experimentation relying on primary tumor samples has been
hampered for a long time by difficulties to acquire enough
material for large-scale studies. The situation is particularly
complicated in the field of pediatric oncology. Indeed, unlike
adult cancers, childhood cancers are rare (Waldron et al., 2010),
and the collected samples are most often micro-biopsies aimed
primarily at diagnosis to limit pain and preserve the integrity of
the developing organism.

Patient derived-tumoroids with their ability to be expanded
in vitro while preserving many features of primary tumors offer
an interesting opportunity to perform studies requiring both
high sample quality and quantity. In contrast to the bottom–
up approach, patient-derived tumoroids arising from human
patients can be directly established from tumor needle biopsies
(Nuciforo et al., 2018), surgical resections (Broutier et al., 2017),
or ascitic and pleural fluid (Hill et al., 2018) to perform “top–
down” studies of pre-established malignancies. Then, they appear
of particular interest for rare cancers, such as pediatric ones,
as they allow for the generation of large collections of living
material for research purposes, despite the scarcity and small
tumor sample sizes. From the first described colorectal cancer
patient-derived tumoroid model developed by Sato et al. (2011;
Figure 1), many others have emerged in the past decade, from
multiple cancer types, including brain cancers (Jacob et al., 2020),

almost all endoderm-derived tissue cancers [colon (van de
Wetering et al., 2015), rectum (Ganesh et al., 2019), stomach
(Vlachogiannis et al., 2018), esophagus (Li et al., 2018), pancreas
(Boj et al., 2014), bladder (Mullenders et al., 2019), gallbladder
(Saito et al., 2019), liver (Broutier et al., 2017), lung (Kim
et al., 2019), and from gender-specific cancers [prostate (Beshiri
et al., 2018), ovary (Nanki et al., 2020), endometrium (Boretto
et al., 2019), and breast (Sachs et al., 2018)]. Of note, patient-
derived tumoroids often grow at slower rates than their matching
normal organoid counterparts probably due to higher rates of
mitotic failure and subsequent cell death (Drost et al., 2015)
and this can preclude their derivation. This drawback can be
bypassed by using pure tumor cells as starting material whenever
possible. The overgrowth of tumoroids by healthy organoids
derived from normal tissue present in the tumor samples can
also be avoided using selective culture conditions (Sato et al.,
2011) or clonal culture condition and phenotypic selection
(Broutier et al., 2017). Importantly, the studies cited above have
all demonstrated that tumoroids preserve both histological and
molecular (genomic, transcriptomic, and epigenomic) features of
the parent tumor. This results in the robustness and the relevance
of such models, since the significant heterogeneity among patient
tumors, the so-called “inter-tumoral” heterogeneity, and within
tumors themselves, the so-called “intra-tumoral” heterogeneity,
are key limitations to studying cancer patient-specific attributes
and perform relevant translational studies (Figure 4). Inter-
tumoral heterogeneity refers to differences between patients
having the same type of tumors (Figure 4). These tumor subtypes
have specific individual molecular signatures, different biological
behaviors, and, as a result, have a different impact on clinical
outcome. Patient-derived tumoroids have the potential to provide
connections between single patient-level genetic abnormalities
and the biological tumor behavior. For example, using gastric
cancer (GC) tumoroids, a recent study demonstrated that
divergent genetic and epigenetic routes can lead to Wnt
and R-spondin niche independency underlying the validity of
tumoroid genotype-phenotype screening strategies in gaining
further insight into human cancers (Nanki et al., 2018). Intra-
tumoral heterogeneity refers to the coexistence of different
malignant cell populations within a tumor (Figure 4). It is
tightly connected to tumor evolution that depicts changes in
intra-tumoral heterogeneity along the temporal axis. Indeed,
cancers are presumed to originate from a single cell, and
from there, tumoral evolution describes the dynamics by which
subpopulations of cancer cells acquire genetic and phenotypic
differences (Figure 4). Patient derived-tumoroids allow biomass
expansion from single cell-derived clones, thus increasing the
fidelity of whole-genome sequencing and enabling the extension
to multi-omics sequencing to examine mutational processes
in tumor tissue. Consistently, Roerink et al. (2018), using
CRC-tumoroids obtained from multiple single cells, recently
showed that CRC cells display an extensive intra-tumoral
diversity of mutations, and DNA methylation and transcriptome
states compared with normal colorectal cells. Another level of
intra-tumoral heterogeneity depicts the hierarchically organized
tumor cell community (from CSCs to more differentiated cells;
Figure 4). The CSC concept states that, by analogy with the
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FIGURE 4 | Tumoroid reconstruct inter- and intra-tumoral hierarchy and dynamics. Tumoroids can be used to evaluate the importance of tumor heterogeneity:
inter-tumoral heterogeneity in which tumors of the same type but from different patients have distinct clinical features, and intra-tumoral heterogeneity in which
different populations within a tumor have divergent genotypes and phenotypes. Indeed, in this case, different subclones (represented by different colors) emerge due
to multiple oncogenic events from a common ancestor (cell-of-origin). Cancer stem cells (CSCs) that arise from these events can self-renew and produce various cell
lineages present in a tumor (different cell states from each subclone are represented in respective colors). This intra-tumoral heterogeneity can be affected by the
tumor microenvironment and collaboration between tumor cells.

renewal of healthy tissues, a subset of tumoral cells, the CSCs, a
self-renewing subpopulation of cancer cells, fuels tumor growth
(Nowell, 1976; Clarke et al., 2006; Vermeulen et al., 2008). So
far, therapy resistance and tumor relapse after drug therapy
are commonly explained by Darwinian selection of pre-existing
drug-resistant, often stem-like, cancer cells (Bao et al., 2006).
Thus far, the existence of human CSCs is mainly supported by
xenotransplantation dilution assays (Quintana et al., 2008) but
their clonal dynamics and plasticity remain unclear. Moreover,
the analysis of cellular hierarchies in human cancers has been
hampered by the impossibility of labeling and tracking tumor
cell populations in an intact environment. To overcome these
limitations, owing to the robustness of organoid technology,
several groups have devised strategies based on editing the
genomes of patient−derived tumoroids using CRISPR/Cas9
technology to integrate reporter cassettes at desired marker genes.
These genetic experiments confirm that human CRCs adopt
a hierarchical organization reminiscent of that of the normal
colonic epithelium, in which LGR5+ colorectal cancer cells
serve as CSCs in growing cancer tissues (Cortina et al., 2017;
Shimokawa et al., 2017). Remarkably, although elimination of
CSCs by specifically targeting LGR5+ cells initially resulted in
the reduction in primary tumors, this did not induce long-term
regression of primary tumors, which instead displayed a dramatic
plasticity with other Lgr5− cells replenishing the LGR5+ CSC

population (Shimokawa et al., 2017). These data provide insights
into the plasticity of CSCs and may have broader applications
to study cell heterogeneity in human tumors and implications
in therapeutic cancer management. Because they allow to model
the tumor cell hierarchy in its dynamic dimension, tumoroids
therefore appear to be essential tools for understanding the
contribution of functional heterogeneity and cellular plasticity in
treatments resistance in pediatric field.

Aside from cancer modeling, organoid technology is a
powerful tool to evaluate the efficacy and toxicity of drugs
and precision treatment strategies. Indeed, with their rapid
expansion and their ability to faithfully mimic both inter- and
intra-tumoral heterogeneity, patient-derived tumoroids bridge
the gap between traditional cell-line-based and primary sample-
based methods. Thus, several groups have now used patient-
specific tumoroids as platforms for functional testing such
as drug screening and for correlating such data with the
genetic make-up of individual tumors. Precision oncology,
aiming at exploiting predictive biomarkers to orientate cancer
therapeutic management, could benefit greatly from patient-
derived tumoroid technology. Indeed, molecular profiling of
such tumoroids may reveal causal tractable molecular changes
underlying drug resistance, which could be used to stratify
individual patients to specific treatment regimens. In the past
years, patient-derived tumoroids have demonstrated their ability
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to identify new therapeutic strategies via the discovery of gene-
drug interactions, thus correlating therapeutic vulnerability to
archetypal genetic alterations. For instance, CRC tumoroids
were used to investigate by phenotypic drug screening the
effect of different RAS inhibitors, either as single agents or
in combination. Interestingly, these treatments solely forced
tumoroids into cell cycle arrest rather than cell death, and cells
rapidly re-initiated growth when the treatment was stopped,
thus, questioning the effectiveness of such therapeutic strategies
in the treatment of RAS-mutant CRC (Verissimo et al., 2016).
A recent study using breast tumoroids revealed PARP inhibition
as a synthetic lethality of breast cancer with BRCA1 or
BRCA2 mutational signatures (Sachs et al., 2018), while others
revealed that tumor cells harboring gain-of-function mutations
in FGFR3 exhibited significant sensitivity to the MEK and
ERK inhibitors by using bladder tumoroid models (Lee et al.,
2018). In the same way, prostate tumoroids have revealed that
prostate cancer-associated SPOP mutations confer resistance to
BET inhibitors through the stabilization of BRD4 (Dai et al.,
2017), enabling a deeper understanding of how prostate cancers
of certain patients respond to treatment according to their
genetic lesions. The development of drug screening methods in
patient-derived tumoroids is at the dawn of its development,
but current nascent efforts for medium-scale drug screens on
tumoroid biobanks have yielded promising results about the
predictive value of tumoroids for individual drug responses and
highlighted the pan-cancer type applicability of this approach.
In pancreatic tumoroids, eight of the nine tumoroids responded
similarly to the cognate patients when exposed to chemotherapy,
giving a match rate of 89% (Tiriac et al., 2018). In the
same study, authors demonstrates that tumoroid-based gene
expression signatures of gemcitabine chemosensitivity enabled
longitudinal assessment of chemosensitivity in patients and
were correlated with improved progression-free survival in
a 55-patient cohort (Tiriac et al., 2018). Along the same
line, gastrointestinal tumoroids (CRC and gastroesophageal
cancer) were generated and used to determine whether they
could predict patient treatment response by assessing in vitro
drug sensitivity and comparing with the actual response of
patients (Vlachogiannis et al., 2018). The authors reported a
positive 88% predictive value and a 100% negative predictive
value (predicting that a particular drug does or does not
work, respectively), suggesting that patient-derived tumoroids
recapitulate patient responses in clinical trials and could be
used for decision-making processes of early-phase clinical trials
(Vlachogiannis et al., 2018). Moreover, a large living biobank
of 80 tumoroids was recently derived from locally-advanced
rectal cancer (LARC) enrolled in a phase III clinical trial.
These tumoroids correctly predicted outcome in 84% of patients
implying that they could be used in a clinic to predict LARC
patient responses and may represent a companion diagnostic
tool in rectal cancer management (Yao et al., 2020). Drug
screening in patient-derived tumoroids may also help to identify
unexpected treatments. For example, evaluation of gastric
tumoroids from 34 patients, capturing regional heterogeneity and
subclonal architecture, against a 37-compound library revealed
sensitivity to unexpected drugs that were recently approved

or in clinical trials, including napabucasin and abemaciclib
(Yan et al., 2018).

Patient-derived models are crucial for both basic and
translational cancer research, and their roles will increase in
the coming era of post-genome medicine (Figure 5). In the
past century, conventional models have offered useful insights
into cancer research and have guided the design of innovative
candidate drugs, but they are not always developed for rare
cancers. This creates a vicious circle for rare cancers such
as pediatric ones, with the lack of effective therapies that
might, in part, be attributable to the rarity of adequate patient-
derived cancer models available for pre-clinical studies. Due
to their intrinsic characteristics presented above, tumoroids
definitely appear to be essential to meet the current challenges
in pediatric oncology.

ORGANOID TECHNOLOGY: A
POWERFUL TOOL TO UNRAVEL THE
BIOLOGY AND THERAPEUTIC
VULNERABILITIES OF PEDIATRIC
CANCERS

Recent success in tumoroid generation provides an appealing
new bridge between basic and translational cancer research
and is expected to gain momentum in the coming years as
an essential tool to gain novel insights into tumor origin,
initiation, progression, and treatment. Though largely applied
to adult cancers, this technology is scarcely used for childhood
cancers, with a notable delay in technological transfer. Indeed,
to date, compared with dozens in adult oncology field, only
three protocols have been described to grow pediatric patient-
derived tumoroids (Saengwimol et al., 2018; Calandrini et al.,
2020; Saltsman et al., 2020). Then one of the key challenges
in the organoid field will be to extend this approach to non-
epithelial tissues since pediatric cancers are mostly anything
but carcinomas. In the following part, we will discuss why and
how using tumoroids could revolutionize our understanding of
pediatric cancers hence our ways to treat them.

Unraveling the Developmental Origins of
Childhood Cancers
Developmental origins of childhood cancers are supported
by several features (Marshall et al., 2014). First, the unique
age spectrum of most pediatric cancers suggests that there
are time- and tissue-specific windows of susceptibility to cell
transformation (Filbin and Monje, 2019). This observation has
been summarized by Dyer and colleagues under the concept
of “cellular pliancy,” which state that unique features of each
cell type determine whether it will be susceptible, or not, to
malignant transformation after sustaining a particular genetic
alteration (Chen et al., 2015). Second, pediatric cancers mainly
carry alterations in epigenetic factors (Gröbner et al., 2018)
and developmental signaling pathways such as Notch, WNT, or
Hedgehog and TGF-beta (Gröbner et al., 2018). Additionally,
the theme of early development is also apparent in the
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FIGURE 5 | Potential applications of tumoroids in the field of cancer research. Tumoroids can be derived from PSCs and tissue-specific SCs after introduction of
cancer-associated genetic alterations, or directly from tumor samples. These resulting tumoroids represent cancer models and can be profiled by multi-omics
integrative analyses to decipher new oncogenetic processes. In basic research, tumoroids can be used to study cancer initiation and its related processes such as
the understanding of the cell-of-origin and the links between tumorigenesis and infectious agents or environmental factors. In addition, tumoroids can be used to
identify the biological underpinnings of tumor progression and resistance to treatments. Biobanks of tumoroids, in which samples obtained from patients are stored
as a resource for future research, can promote the discovery of new cancer drugs and guide optimized therapeutic strategies for an individual or group of stratified
patients by predicting drug responses. To conclude, tumoroids have the potential to translate scientific knowledge from bench to bedside with scientific discoveries
being swiftly returned to the patient.

strong correlation between developmental syndromes, such as
RASopathies, neurofibromatosis type 1 (NF1) or Li-Fraumeni
syndrome (LFS; TP53), and pediatric cancer predisposition
(Zhang et al., 2015). Thus, any attempt to fully understand the
origin of these cancers must consider not only the spectrum of
molecular lesions but also the developmental stage of the tissue
lineage in which they occur and the microenvironment in which
the tumor eventually arises. As an example, rhabdoid tumors
are highly aggressive pediatric tumors genetically quiet except

for germline or somatic mutations of SMARCB1, a member
of the SWI–SNF chromatin remodeling complex, functioning
as a tumor suppressor in a broad range of developing tissues
(Versteege et al., 1998). In mouse experiment, early embryonic
SMARCB1 inactivation between E6 and E10 induced rhabdoid
tumors that closely resembled all transcriptional subclasses of
human tumors. Interestingly, SMARCB1 inactivation during
slightly later embryonal stages (E12) did not lead to tumor
formation (Han et al., 2016). These findings suggest that
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the SMARCB1 mutation is tumorigenic only during a rather
limited window during mouse brain development. Moreover, in
these studies, mutational event and tumorigenesis appear to be
temporally distinct, with mutation occurring in the early prenatal
stage and delayed tumor manifestation in the early postnatal
period pointing toward an important difference between the
“cell-of-mutation” and the “cell-of-origin,” and underlining
the need to better understand the microenvironmental factors
influencing cell state during development. High-grade gliomas
(HGG) of childhood and adolescence present a spatio-temporal
pattern of incidence broadly mapping onto developmental
waves of myelination in the human central nervous system
(Gibson et al., 2018). Like for rhabdoid tumors, the cell-of-
mutation may be disconnected from the cell-of-origin, since
transformation probably occurs in a different developmental
time frame. Indeed, recent evidence in mouse suggests that the
classic genomic alterations associated with HGG only induce
tumors in the postnatal period if introduced during prenatal
brain development (Pathania et al., 2017). To fully elucidate
the notion of cell-of-mutation and cell-of-origin in pediatric
cancers, future studies in which the mutations are introduced
at various developmental time points and in various cellular
state and microenvironment contexts will be required. If cell
identity and environment is a determinant of tumorigenic
potential, it can also be a consequence of oncogenic activity
and, as such, confound our understanding of origin of cancers.
This was recently exemplified in the pediatric cancer field by
a study showing that perturbations in the hedgehog pathway
in mouse in the endothelial lineage led to rhabdomyosarcoma,
pediatric cancer with skeletal muscle features (Drummond and
Hatley, 2018). In that case, endothelial cells must provide a
transcriptional program permissive for the tumorigenic effects to
distort their cellular identity. Future efforts toward mechanistic
understanding of developmental origins of pediatric cancers
will therefore need to consider, on top of genetic alterations,
the various pre- and postnatal developmental cell stages,
their specific microenvironmental context, and their epigenetic
landscape to solve the spatio-temporal and spatio-molecular
patterns inherent to pediatric cancers and ultimately design
dedicated innovative therapies. In that context, bottom–up
approaches using organoid technology appear as a potential
leveraging tool to succeed in such a challenging experimental
set-up. Indeed, there are several challenges that have limited
the creation of human cancer models purely through genetic
engineering of otherwise normal human cells. Notably, many
childhood cancers are thought to arise during pre-natal life,
meaning that the relevant stem and progenitor cell populations
are often unknown or difficult to obtain, which complicates
efforts to build relevant organoid and subsequent tumoroids
models. hPSC technologies can therefore play a decisive role to
overcome this barrier, by facilitating access to a range of lineage
and differentiation states to serve as platforms to build such
models (Figure 6). Moreover, iPSC-derived organoids may be
particularly useful in modeling germline cancer predisposition
syndromes as exemplified by iPSC-derived brain tumoroid
models developed to study the predisposition syndrome NF1
(Anastasaki et al., 2020). They could be directly derived from

the patient with such syndrome as shown by a recent study
on LFS revealing a role of impaired T53 signaling in defects of
the imprinted gene network regulating osteoblast differentiation
that may contribute to osteosarcoma development in LFS
patients (Figure 6).

Integrative Profiling of Pediatric Tumors
to Decipher Pediatric Cancer Biology
Over the past 10 years, a tremendous effort has been made
to define the genomic landscape of pediatric cancers. This led
to groundbreaking discoveries including striking examples of
genomic alterations that underscore marked differences between
childhood and adult cancers. Notably, pediatric cancers exhibit
fewer somatic mutations on average than adult cancers with
an over-representation of transcription factor fusion oncogenes
compared with adult tumors. These findings have fueled
initiatives to develop pediatric cancer-specific therapies and to
provide guidance for precision medicine treatment of individual
patients. Precision medicine is based on genomic profiling of
a given patient’s tumor, yielding information that can then be
used to stratify patients based on molecular signatures and
select therapies designed to counter the effects of specific driver
mutations. The approach has had some successes, including the
treatment of pediatric cancers with NTRK gene rearrangements
(Laetsch et al., 2018). The identification of the Pax3/7-Foxo1
translocation as a high-risk marker in rhabdomyosarcomas
makes it possible to envisage a de-escalation of treatments
in fusion-negative entities, which is extremely important to
limit the side effects of treatments in pediatrics (Nguyen and
Barr, 2018; Chen et al., 2019; Pappo and Gartrell, 2020). In
addition to genomics, a lot of progress has been made in
the regulatory environment and the pharmaceutical industry,
enabling cooperative trials of precision medicine, such as the
Zero Childhood Cancer initiative in Australia, largest study
to date, illustrating both the promise and challenges of the
precision medicine approach (Wong et al., 2020). In this study,
using a combination of tumor and germline whole-genome
sequencing and RNA sequencing, authors analyze more than
250 tumor specimens from high-risk pediatric patients with
cancer, and identified 968 reportable molecular aberrations.
Specific therapeutic recommendations could be made and
efficiency followed-up for about two-thirds of the patients (38
patients) among which only 31% exhibited a complete or partial
response (Wong et al., 2020). This suggests that as for adult
cancers, long-term benefits of this “sequence tumor and choose
an agent” paradigm may ultimately apply only for a small
percentage of patients (Marquart et al., 2018). Even though
systemic sequencing of pediatric cancers will ultimately provide
a more complete catalog of germline and somatic mutations
in pediatric tumors and contribute to important insights into
tumor heterogeneity and clonal evolution of pediatric cancers,
it is foreseeable that these genomic and transcriptomic analyses
alone will not be sufficient to define individualized therapies
for each patient. Indeed, for the vast majority of pediatric
patients with solid tumors, there are no somatic mutations in
the tumor that can be exploited with the current arsenal of
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FIGURE 6 | Tumoroid as a promising tool for understanding and treating pediatric cancer. Tumoroid technology can be exploited to model germline pediatric cancer
predisposition syndrome, to study origins of cancers (A) and to perform multi-omic profiling analyses (B) in order to promote the understanding of pediatric cancer
biology. In addition, tumoroids can be used to identify the biological underpinnings of cell death resistance such as tumoral cells state dynamics and collaboration
(C) and to perform drug-screening analyses based notably on phenotypic screens (D) to explore innovative and powerful therapeutic possibilities.

targeted therapies, and transcription factor fusion oncogenes
have, thus far, been refractory to targeting (Nguyen and Barr,
2018; Chen et al., 2019; Pappo and Gartrell, 2020). Furthermore,
the presence of a druggable mutation in a tumor and the
availability of a drug that targets the dysregulated pathway does

not ensure efficacy in patients, as exemplified by the inefficacy
of anti-RAS therapies in RAS mutant rhabdomyosarcomas
(Chen et al., 2019). The reasons for the current disillusionment
are several, but accumulating evidence suggests that one of
the biggest challenges is the difficulty to predict the biological
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impact of specific mutations. Thus, the lower mutational burden
of pediatric tumors should not be confused with simplicity in
the intrinsic molecular mechanisms of pediatric oncogenesis.
Indeed, despite the extensive knowledge generated through
recent genomic sequencing efforts, the functional and clinical
implications of this knowledge have so far been limited,
underlying the need of robust and relevant cancer models such
as tumoroids to help in unraveling the biology and therapeutic
vulnerabilities of pediatric cancers. Even beyond that, it is
now well admitted that to study complex biological processes,
genetics is not enough; it is imperative to take an integrative
approach that combines multi-omics data to highlight molecular
intricacy and variations at multiple levels such as genome,
epigenome, transcriptome, proteome, and metabolome. To do so,
accounting for the scarcity and the small size of samples in the
pediatric oncology field, there is an ongoing need for close-to-
native patient-derived cancer models that could be fulfilled by
patient-derived tumoroid models. Indeed, they could overcome
the limitation of tumor material available for omics analyses,
since they are sufficiently amplifiable and thereby amenable to
molecular, proteomic, and metabolic profiling (Lindeboom et al.,
2018; Figure 6). Following this strategy, the Multi-omics and
Organoid Screening Program, part of the MPCCC (Monash
partners comprehensive cancer consortium) Precision Oncology
program, is a pilot study designed to extend molecular profiling
of patient tumors beyond genomic characterization to integrated
multi-omics and functional analyses1. By generating integrated,
multi-omics, and personalized cancer profiles, this initiative aims
at better informed treatment options for cancer patients, and
where possible, to recommend personalized treatment plans.
To ensure that this laboratory-based research will translate to
the benefit of cancer patients, results of the multi-omics and
organoid screening will be discussed by scientists and research-
active cancer clinicians. By serving as characterization tools for
pediatric cancers on a multi-omic scale, tumoroids could make it
possible to apprehend the specific deregulations of each tumor at
different biological scales and no longer base precision medicine
choices solely on genomic/transcriptomic characterization.

Understand Pediatric Cancer
Heterogeneity and Plasticity to Conquer
Resistance to Treatments
During development, cell specification is engaged by cell
type-specific transcription factors. The establishment and
maintenance of these transcriptional programs rely on cell
type-specific patterns of chromatin organization and dynamics,
making epigenetics a key element in the regulation of cell fate.
Accumulating evidence suggests that pediatric tumors could
result from direct dysregulation of cellular specification during
development or co-option of epigenetic developmental programs
through pre- and postnatal cell reprogramming. Moreover, it has
been widely presumed that differentiated cells are determined
during development and become irreversibly committed to
their designated fates. However, in certain circumstances,

1https://www.monashpartnersccc.org/multi-omics-and-organoid-screening-
program/

differentiated cells can display plasticity by changing their
identity, either by dedifferentiation to a progenitor-like state or
by transdifferentiation to an alternative differentiated cell type. By
analogy with physiological contexts, in which cellular plasticity
allows cells to respond to external stresses and adapt to their
environment, cellular plasticity may represent a cardinal feature
of tumoral cells to evade treatments or escape the confines of the
primary tumor. Thus, alterations in epigenetic processes involved
in cell specification and plasticity appear to be central in pediatric
oncology. With the recent democratization of single-cell RNA-
sequencing, increasing evidences support that pediatric cancers
are hierarchically organized tumors recapitulating impaired
developmental trajectories and possessing CSC responsible for
maintenance, relapse, and metastasis of the tumor (Couturier
et al., 2020; Gojo et al., 2020; Kildisiute et al., 2021). Then, our
ability to reconstruct intratumoral hierarchy and dynamics in
pediatric cancer models is therefore crucial for understanding
pediatric cancer biology. However, up to now, intra-tumoral
heterogeneity and the mechanisms behind it remain a black box
in the field of pediatric oncology, mostly again as a result of
scarcity of tumor material and considering that chemotherapies
are most often administrated before surgery to children and
adolescents. Tumoroids then represent again a promising
approach for creating patient-derived in vitro cancer models
that closely recapitulate the overall pathophysiological features
of natural pediatric tumorigenesis and allow to have a sufficient
quantity of material available. Indeed, as discussed previously,
they are highly relevant cellular models to study non-genetic
cell state dynamics associated with resistance to treatment for
exploring new therapeutic possibilities, since they mimic cellular
intra-tumoral heterogeneity by preserving the differentiation
hierarchy (from CSC to more differentiated cells; Figure 6).
In that context, organoid technology conjugated to genetic
engineering, light microscopy (i.e., confocal imaging or light-
sheet technology available in the laboratory), and orthotopic
transplantation appears as a powerful approach to probe the
human cancer cellular dynamics in vitro and in vivo, as recently
exemplified in colorectal cancer (Cortina et al., 2017; Shimokawa
et al., 2017). In addition, they are a more amenable system for
the manipulation of niche components, signaling pathways, and
genome editing (e.g., CRISPR/Cas9) than in vivo models. Then,
they provide an unprecedented way to unravel the dynamics of
tumoral cells and notably individual CSC. Recently developed
lineage-tracing and cell-ablation strategies in tumoroid systems
have provided insights into CSC plasticity, and evidenced that
both CSC and non-CSC are plastic and capable of undergoing
phenotypic transitions in response to appropriate stimuli (Batlle
and Clevers, 2017; Cortina et al., 2017; Shimokawa et al.,
2017). The preponderance of epigenetic alterations in pediatric
cancers probably reflect a locked-in epigenetic state during
development, which contributes to the final gene expression
and phenotype of the resulting cancers. Then, the possibilities of
genetically engineered tumoroids to express fluorescent reporter
of cellular differentiation state could open up a new avenue
for phenotypic drug screening of agent susceptible to bypass
the default lineage differentiation processes observed in most
pediatric tumors in order to terminate malignant proliferation
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by engaging terminal differentiation (Figure 6). Such approaches
should go beyond classical drug screening and help pinpoint
cellular mechanisms of resistance to treatment link to tumoral
cell states.

Clinical Trials on Children, a Challenge to
Overcome
Although outcomes for children with cancer have significantly
improved over the past 50 years, there has been little progress in
the treatment of some pediatric cancers, particularly when in an
advanced stage. Moreover, children are not little adults. However,
treatments for pediatric cancers are most often variations of those
for adults, which led to delusions as with immunotherapies. In
fact, there are many examples of differences in the response to
therapies when comparing childhood cancers to their histological
counterpart in adult cancers. For example, temozolomide, an
alkylating agent that has demonstrated survival benefit for
adult HGG (Stupp et al., 2005) exhibits no clinical benefit
for pediatric gliomas (Cohen et al., 2011). Thus, childhood
cancer targets may be non-overlapping with those in adult
malignancies notably because of actively developing tissues
context in which these cancers arise, suggesting the need
of dedicated therapeutic agents and administration program.
Additionally, clinical trials are often insufficient to conduct
clinical pharmacology studies in children, due to many challenges
such as the very limited pediatric population. In that context,
increasing efforts should be made to carefully model and
predict with robust preclinical data the most promising drugs
for children before new compound submission for clinical
trials. Since they accurately recapitulate pediatric cancers and
are easy to amplify, models such as pediatric patient-derived
tumoroids will ultimately be necessary for the design of efficient,
less toxic therapies adapted to children. To date, compared
with dozens in adult oncology field, only three protocols have
been described to grow pediatric patient-derived tumoroids
underlying the urgent need to transfer this technology to children
(Saengwimol et al., 2018; Calandrini et al., 2020; Saltsman
et al., 2020). Recently, Drost and colleagues established and
characterized malignant rhabdoid tumoroids that retain key
properties of native tumors (Calandrini et al., 2020). Altogether,
authors showed that rhabdoid tumoroids can be derived with
high efficiency, rapidly expanded, and are amenable to gene
editing, and allow for high-throughput drug testing to reveal
patient-specific drug sensitivities (Calandrini et al., 2020). Parallel
efforts to understand the complex mechanisms through which
childhood cancer therapies disrupt normal tissue development,
homeostasis, and plasticity are also needed to elucidate strategies
to prevent long-term sequelae of childhood cancers (Pierson
et al., 2016). In that context, organoids derived from non-tumoral
tissues appear as an appealing strategy, to develop treatments
more efficient, but also less toxic.

Thus, the opportunities exist to improve pediatric drug
discovery and development efforts, and should be part of a
collaborative interaction between academicians, pathologists,
clinicians, drug developers, and health authorities.

DISCUSSION

Here, we reviewed how the unique attributes of the tumoroid
models have been used in cancer research field to identify
new mechanisms of tumor initiation, progression, relapse,
and therapeutic strategies, and how they could further our
understanding of pediatric oncology.

Pediatric cancer is a leading cause of death in children
and adolescents, and this remains true despite the multiple
international clinical trials conducted in recent years. Even worse,
survival rates have not improved in the last 20 years or so.
It, therefore, seems clear that the approach that consisted of
transposing the therapies discovered for cancers from adults
to children and adolescents is no longer sufficient. Despite the
validation in trials of biological markers, diagnostic tools, and
targeted drugs based on “omics” data in the last few years,
we do need to unravel molecular underpinnings specifically
driving childhood cancers to discover new therapies, to overcome
resistance and prevent sequelae. This will necessarily involve
the development of specific, dedicated models summarizing the
complexity of pediatric tumors, and we have shown here that
tumoroids are ideal candidates in many aspects.

One of the main challenges to design such pediatric tumoroids
will be to transpose this technology to non-epithelial cancers,
such as sarcomas or other cancers of mesenchymal origin, for
example, that are more frequent in children and adolescents.
However, the classical strategy based on reconstituting tumor
microenvironment in vitro by working on culture conditions via
deciphering active signaling cascades that could support tumor
cell growth gives promising results for us and others. One of the
pitfalls remains to be access to patients’ tumor samples, which
are often micro-biopsies. The importance of coordinating clinical
and research teams so as not to impact the diagnosis while
allowing a sample fragment to be cultured is a major challenge to
enable the oncology field to benefit from these innovative models.
Similarly, sharing tumor sample sequencing and clinical data is
crucial to allow the inclusion of patients in ongoing precision
medicine clinical trials, while allowing research teams to verify
the quality and suitability of their tumor models with the original
tumors. Fortunately, current efforts of ongoing pediatric data
collection and Pan-Cancer projects indicate future opportunities
for childhood cancer research that are greatly needed for both
basic as well as clinical research. These include public portals such
as St. Jude Research Hospital’s one in the United States., which
seeks to discover the genetic origins of childhood cancer and
find new cures, and provide raw sequence data for all published
results freely available to the global research community; or
the initiative of the French researchers in pediatric oncology
network React-4Kids, created in 2018 and which was recently
awarded to perform a national multi-omics analysis on pediatric
tumors at diagnosis vs. relapse shared freely upon request (Share-
4Kids, France). The current initiative developed by the Human
Cancer Models Initiative2, an international consortium aiming

2https://ocg.cancer.gov/programs/HCMI
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FIGURE 7 | Strengths and weaknesses of organoids in cancer modeling. Organoids are assessed here for their relative benefits and limitations for cancer research
by comparison with other model systems. Respective features are rated as best, good, partly suitable, and unsuitable. By bridging the gap between conventional 2D
culture and animal models, organoids provide a unique opportunity to deal with a moderate system complexity meanwhile capturing the complexity of tumors. N/A,
non-applicable.

at generating and providing as a community resource, the next-
generation tumor-derived culture models informed with -omics
and clinical data, should also participate to make the difference in
the coming years.

The stakes are high because tumoroids appear to be ideal
models to study how tumoral heterogeneity impact response
to treatments, which has barely been investigated, so far, in
childhood cancers. First, because they will depict inter-tumor
heterogeneity, pediatric tumoroid models should enable us to
understand why patients that apparently present the same
clinical features respond differently to treatments, a key issue in
therapeutic management. Moreover, they should be decisive to
define how intra-tumor cell heterogeneity and plasticity likely
play a role in resistance to treatments and relapse. Indeed, by
allowing the amplification of tumor material while preserving
its characteristics as closely as possible, tumoroids will allow
unprecedented single-cell -omics approaches to unravel, at
genetic-epigenetic-transcriptomic levels, the diversity of tumor
cells before and after treatment. Moreover, the relative ease of
genetically modifying them to express fluorescent reporters of
specific tumoral sub-populations (Artegiani et al., 2020) should
help to dissect and monitor over time by 3D imaging (Gonzalez
et al., 2021) mechanisms identified as playing a causal role
in tumor escape.

At the same time, the use of organoid models derived
from healthy tissues will make it possible to define the
identity of childhood cancers’ “cell-of-origin,” which is definitely
a key issue to resolve spatio-temporal and spatio-molecular
patterns involved in pediatric cancers. Moreover, organoids
and tumoroids should allow us to study accurately the impact
of environmental factors on tumor initiation and progression,
respectively, thereby building a bridge between basic and
epidemiological research on childhood cancers, the latter often
complicated by the small size of the cohorts studied. Another
major advantage of exploiting organoid technology in the field
of childhood cancers is definitely the possibility to perform drug
screening approaches. By combining the use of tumoroid and
organoid models, which can often be grown from corresponding
healthy tissue, they could offer an opportunity for screening
the drugs that specifically target tumor cells while leaving
healthy cells unharmed.

So will we be definitively out of the woods and able
to understand the complexity of pediatric cancers with the
development of such tumoroid and organoid models? Probably
not, but we will undeniably have made progress.

The lack of stroma, blood vessels, and immune cells
are an intrinsic limitation of organoid technology and may
preclude universal applicability. Future studies should address
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the possibility of developing organotypic systems incorporating
additional cellular elements. Recently air–liquid interface (ALI)
culture system was developed to grow tumoroids that preserved
the complex cellular diversity of both endogenous tumor and
stroma cells such as cancer-associated fibroblasts, and infiltrating
immune cells over 1 to 2 months (Neal et al., 2018). Another
caveat is that tumor heterogeneity is a significant potential
confounding variable for extrapolating therapeutic response from
a single biopsy region. Indeed, tumors are often heterogeneous
mass of cells, and this intratumoral heterogeneity is increasingly
being recognized as a highly complex process with high
clinical impact that deserves special attention from practicing
pathologists and researchers when it comes to derive tumoroids
from patient material (López and Cortés, 2017). Whenever
possible, multi-site sampling and associated tumoroid derivation
should be performed to represent faithfully the intratumoral
heterogeneity existing in vivo in the full-size tumor.

The next challenge will be to define how to optimize these
models so that they can also allow us to understand the impact
of the ontogenic context on tumor initiation and escape, or
resistance to treatment. Even though they are highly promising
tools, tumoroids are unlikely to ever replace mouse experiments
for such questions and even for drug screening. Compound hits
will still optimally require verification in xenograft experiments,
but this should be facilitated by the experimental tractability of
tumoroids undergoing ready expansion and in vivo xenografting
allowing a greater throughput than mouse PDX studies (Pauli
et al., 2017). Nevertheless, studies comparing drug sensitivity
patterns between sibling pairs of patient-derived tumoroids and
mouse PDX models have been performed in CRC models (Pauli
et al., 2017; Schütte et al., 2017) and showed different patterns
for individual drug sensitivity in both models, probably because
even though both models recapitulate many key features of their
parental tumors, they also possess distinct selective pressure
patterns and drawbacks (Bleijs et al., 2019). In a foreseeable

future, studies combining the strengths of multiple preclinical
models will probably appear as the best way to investigate
therapeutic responses and provide clinically relevant metrics for
precision and personalized medicine approaches (Figure 7).

How tumoroids will change the cancer treatment paradigm is
then still uncertain. We may wish for them to herald an attractive
new paradigm, but as researchers, we have to remember that
wishing can confound our thinking. Acceptance of the cancer
complexity should lead to humility as well as a healthy skepticism
when confronting excessive promises. The aphorism attributed
to the statistician George Box “All models are wrong, but some are
useful” should be applied here to underline that, while tumoroids
will certainly help us to address many of the current needs in
cancer research, they are probably just a stepping stone toward
something that we still need to imagine.
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Epidermal Growth Factor (EGF) has long been known for its role in promoting
proliferation of intestinal epithelial cells. EGF is produced by epithelial niche cells at the
base of crypts in vivo and is routinely added to the culture medium to support the
growth of intestinal organoids ex vivo. The recent identification of diverse stromal cell
populations that reside underneath intestinal crypts has enabled the characterization
of key growth factor cues supplied by these cells. The nature of these signals and how
they are delivered to drive intestinal epithelial development, daily homeostasis and tissue
regeneration following injury are being investigated. It is clear that aside from EGF, other
ligands of the family, including Neuregulin 1 (NRG1), have distinct roles in supporting the
function of intestinal stem cells through the ErbB pathway.
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INTRODUCTION

A balance between cell proliferation and differentiation is exquisitely controlled in the intestinal
epithelium throughout life (Beumer and Clevers, 2021). This is coordinated by a system of cues
from surrounding niche cells that includes Paneth cells in the epithelium (Sato et al., 2011), diverse
populations of stromal cells (Hageman et al., 2020; McCarthy et al., 2020a; Sphyris et al., 2021),
enteric neural cells (Van Landeghem et al., 2011; Talbot et al., 2020) and macrophages (De Schepper
et al., 2018; Sehgal et al., 2018). These signals act on the epithelium to modulate stem cell function
and cell fate acquisition in progenitor cells (Tetteh et al., 2016). This complex array of cellular inputs
has the ability to support the enormous expansion of the intestinal tract during development (Chin
et al., 2017) and the strong proliferative response occurring during tissue repair following damage to
ensure integrity of the epithelium (Hageman et al., 2020). Maintenance of the barrier and adequate
tissue function is vital to prevent systemic infection from enteric pathogens and adequate digestion
and nutrient absorption. Stem cells, which reside in the base of intestinal crypts, either self-renew or
generate transit-amplifying progenitor cells that ultimately differentiate and generate the diversity
of secretory and absorptive differentiated cell types required for a functional epithelium (Beumer
and Clevers, 2021). Interplay of key signals from the WNT, Notch, Epidermal Growth Factor (EGF),
and Bone Morphogenetic Protein (BMP) signaling pathways regulate the survival, self-renewal and
differentiation of these cells to ensure a balance of cell types (Holik et al., 2013; Horvay and Abud,
2013; Tian et al., 2015; McCarthy et al., 2020b; Beumer and Clevers, 2021). The exact mechanisms
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of how signals are produced, what cell types secrete and receive
signals and how tissues respond to promote the process of
regeneration are being investigated. Some of the cell types that
secrete molecules that either augment or inhibit WNT and BMP
signaling have been described. EGF is present in Paneth cells
and has primarily been shown to influence proliferation (Abud
et al., 2005; Basak et al., 2017), but it is becoming increasingly
clear that other ligands from this family can also influence
the diversity of cells within the epithelium (Jardé et al., 2020;
Holloway et al., 2021). Whether these ligands have distinct or
functionally redundant activities and how signals influence the
epithelium in different contexts is still being investigated. In this
review, we discuss current evidence on the cellular source and
role of ligands from the EGF family and how they interact with
receptors in the epithelium to influence cellular proliferation,
stem cell identity and lineage differentiation.

THE EGF FAMILY OF RECEPTORS AND
LIGANDS

The EGF family of ligands includes eleven structurally related
proteins, namely EGF, transforming growth factor α (TGF-α),
amphiregulin (AREG), epigen (EPGN), heparin-binding EGF-
like growth factor (HB-EGF), epiregulin (EREG), betacellulin
(BTC), and the neuregulins (NRG1-4) (Figure 1). These
molecules have in common similar EGF-like motifs, and, due to
their membrane-anchored nature, can act in a juxtacrine manner
between two neighboring cells, or, in an autocrine/paracrine
mode via proteolytic cleavage of the external EGF-like domain,
which results in its release in the extracellular compartment
(Singh and Harris, 2005; Rayego-Mateos et al., 2018). The EGF-
like protein drives cellular signal transduction through the ErbB
subclass of the Receptor Tyrosine Kinase superfamily, which
consists of four members EGFR (also known as ErbB1), ErbB2,
ErbB3, and ErbB4 (Downward et al., 1984; Schechter et al., 1984;
Semba et al., 1985; Kraus et al., 1989; Plowman et al., 1993). The
EGF family of ligands can be classified into four sub-groups based
on distinct receptor binding specificities: (1) the ligands which
recognize ErbB1 only (EGF, TGFα, AREG, and EPGN); (2) the
ligands binding to both ErbB1 and ErbB4 (HB-EGF, EREG, and
BTC); (3) the ligands which are specific for both ErbB3 and ErbB4
(NRG1 and NRG2); and (4) the ligands activating ErbB4 only
(NRG3 and NRG4) (Figure 1). It should be noted that no ligands
have been identified for ErbB2 to date. Nonetheless, all ErbB
receptors contain an extracellular ligand binding site, a single
membrane spanning region and a cytoplasmic tyrosine-kinase-
containing domain (Lemmon et al., 2014). Upon ligand-induced
conformational change, ErbB receptors form homodimers or
heterodimers (Figure 1), which activates the intrinsic kinase
domain, resulting in the phosphorylation of specific tyrosine
residues within the cytoplasmic tails (Lemmon et al., 2014).
Phosphorylated residues serve as docking sites for a range of
molecules and regulatory proteins involved in various cascades
of intracellular signaling, including MAPK, PI3K-AKT, and JAK-
STAT (Singh and Harris, 2005; Iwakura and Nawa, 2013). These
complex signaling routes regulate many key cellular functions,

including cell proliferation, cell death and stem cell maintenance,
which are essential for numerous body systems.

LOCATION AND FUNCTION OF SIGNALS
AND RECEPTORS DURING MAMMALIAN
HOMEOSTASIS

In mice and humans, Paneth cells are localized within the
epithelium adjacent to intestinal stem cells in the base of crypts.
These specialized cells secrete WNT3, EGF and NRG1 during
intestinal homeostasis (Sato et al., 2011; Jardé et al., 2020;
Figure 2). Although initially identified as a key constituent
of the niche, it is clear that when Paneth cells are depleted
in vivo, other cellular sources can compensate for this loss,
resulting in the maintenance of an intact epithelium (Durand
et al., 2012; Farin et al., 2012). The stromal compartment of the
adult intestinal tract contains sub-populations of cells including
FOXL1+ telocytes that secrete WNT2B and the WNT signaling
potentiator RSPO3 (Aoki et al., 2016; Shoshkes-Carmel et al.,
2018) and PDGFRα+ cells (Greicius et al., 2018; McCarthy et al.,
2020b) that also secrete WNT2B and RSPO3. Mesenchymal cells
marked by GLI1 also secrete WNT in the colon (Degirmenci
et al., 2018). Single cell sequencing has revealed distinct sub-
populations that express different levels of PDGFRα, with
those expressing higher levels being localized to the villi, and
CD34+ PDGFRαlow cells residing at the base of crypts, where
they express Grem1 and antagonize BMP signaling. These cells
described as trophocytes are capable of fully supporting the
growth of organoids ex vivo (McCarthy et al., 2020b). A similar
sub-population of fibroblasts associated with crypts was also
recently identified in the colon (Brugger et al., 2020). MAP3K2
expressing cells also reside at the base of crypts where they
secrete RSPO1 (Wu et al., 2021). Macrophages identified by
expression of CD11b and CSF1R are also closely associated
with crypts and when depleted, loss of intestinal stem cells are
observed (De Schepper et al., 2018; Sehgal et al., 2018). A unifying
global expression analysis of the EGF family of ligands in both
epithelial and mesenchymal intestinal niche sub-populations
during intestinal homeostasis is currently missing. Re-analysis
of recently published single cell RNA sequencing datasets would
help understanding the complex ligand dynamics in the intestinal
tract (Kinchen et al., 2018; Kim et al., 2020; Busslinger et al.,
2021; Yu et al., 2021). Studies, which focused on individual
ligands, have shown extremely low levels of EGF can be detected
in mesenchymal cell populations, while NRG1 is expressed at
relatively high levels in stromal cells, including PDGFRα+ cells,
and is observed in macrophages (Jardé et al., 2020). Both EGF
and NRG1-expressing cells are also found in the developing
human intestinal tract, with EGF localized in the epithelial
villus domain and NRG1 detected in PDGFRα+ cells within the
subepithelial mesenchyme underlying crypts (Holloway et al.,
2021; Yu et al., 2021). Other members of the NRG family of
ligands display exclusive low expression in the mesenchyme
(NRG2) or in the epithelium (NRG4) while NRG3 is absent in
both compartments in adult intestinal tissues. AREG shares a
similar expression pattern with NRG1, with an enrichment in
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FIGURE 1 | Diagram outlining the members of the EGF family of ligands and their respective receptors. Dimeric receptors activate downstream PI3K-AKT, MAPK,
and JAK-STAT signaling pathways.

subepithelial myofibroblasts and in rare F4/80+ macrophage-
enriched cells but with limited expression in the epithelium
(Inatomi et al., 2006; Shao and Sheng, 2010; Yang et al., 2017).
EREG is also localized in an uncharacterized subpopulation of
mesenchymal cells and is weakly expressed in the epithelium
(Xian et al., 1999; Kallincos et al., 2000; Xia et al., 2003;
Lee et al., 2004). In contrast, BTC, HB-EGF, and TGFα are
enriched in the intestinal epithelium. The expression pattern
of EPGN in both mesenchymal and epithelial compartments
is currently unknown. Interestingly, EGFR/ERBB receptors are
present within the epithelial cells of the epithelium (Figure 2).
EGFR is enriched in stem and progenitor cells while ERBB2
and ERBB3 are detected throughout the crypt – villus axis

(Suzuki et al., 2010; Jardé et al., 2020). Taken together, these data
suggest a model where mesenchymal-secreted molecules, which
includes NRG1, NRG2, AREG, and EREG, act on epithelial cells
via a paracrine mechanism while epithelial-produced ligands
such as EGF, BTC, HB-EGF, and TGFα regulate cellular function
in an autocrine manner. It is important to note that the
processes and signaling pathways regulating ligand production
during intestinal homeostasis in these particular sub-types is not
clearly defined. In addition, a comparative analysis of ligand-
mediated downstream signaling pathways in normal intestinal
cells is not available.

Numerous mouse knockout studies have investigated the
functional roles of individual ligands (summarized in Table 1).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 July 2021 | Volume 9 | Article 685665324

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-685665 July 13, 2021 Time: 17:18 # 4

Abud et al. EGF Ligands in the Intestine

FIGURE 2 | Schematic diagram depicting the expression of ligands and receptors within the different cellular compartments of the intestinal crypt during normal
homeostasis and following regeneration.

There is likely to be some functional redundancy given triple
knockout of three of the ligands EGF, AREG, and TGFα has
little effect on the intestinal epithelium with animals being viable
and fertile (Luetteke et al., 1999). Similarly, single knockout of
the other EGF ligands does not affect embryonic development,
with the exception of Nrg1, which results in aberrant heart and
neural development leading to embryonic lethality (Meyer and
Birchmeier, 1995; Erickson et al., 1997). Although knockout of
EGF in mice produces little effect on the epithelium, the loss
of NRG1 under homeostatic conditions produces a significant
reduction in proliferative stem and progenitor cells (Jardé et al.,
2020; Table 1). Loss of each individual ERBB receptor is
lethal and produces severe defects with significant intestinal
abnormalities observed (Gassmann et al., 1995; Lee et al., 1995;
Miettinen et al., 1995; Threadgill et al., 1995; Erickson et al.,
1997; Riethmacher et al., 1997). Genetic background has a
considerable effect on the penetrance of phenotypes (see Table 1)
with knockout of EGFR exhibiting variable phenotypes from
peri-implantation lethality to viable animals with multi-organ

defects (Sibilia and Wagner, 1995; Threadgill et al., 1995).
Individual intestinal-specific knockout of ERBB receptors has
also been reported to have minimal phenotypic effects during
tissue homeostasis, suggesting some functional redundancy
(Lee et al., 2009; Zhang et al., 2012; Almohazey et al., 2017;
Srivatsa et al., 2017). However, double and/or triple knockout
combinations that are intestinal-specific will be required to
confirm this.

ROLE OF THE EGF FAMILY OF LIGANDS
AND RECEPTORS DURING
REGENERATION FOLLOWING INJURY

The intestinal epithelium is a selective permeable barrier that
permits uptake of nutrients from the luminal contents while
forming a barrier against the toxic by-products of digestion
and pathogenic bacteria (Beumer and Clevers, 2021). As the
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TABLE 1 | Knockout mouse models of EGF family of ligands and receptors and their associated phenotypes.

Ligand Phenotype Study

Egf Egf null mice are viable and fertile and display no overt phenotype, including in the gastrointestinal tract. Luetteke et al., 1999

Areg Areg KO mice are viable and fertile and display no overt phenotype, including in the gastrointestinal tract. Luetteke et al., 1999

Areg Loss of Areg significantly decreases the number of regenerating crypts following radiation-induced injury. Shao and Sheng, 2010

Tgfα Tgfα mutant mice are viable and fertile, but exhibit hair and eye defects. Luetteke et al., 1993

Egf/Areg/Tgfα Triple KO mice survive to maturity and display hair and eyes abnormalities consistent with single TGFα KO. Luetteke et al., 1999

Epgn Homozygous mutant mice are viable and fertile, and display no abnormal phenotype. Dahlhoff et al., 2013

HB-Egf KO mice are viable and fertile. Normal gastrointestinal tract architecture, but heart valve malformation. Jackson et al., 2003

HB-Egf Mutant mice are viable, but exhibit heart malformation. Iwamoto et al., 2003

Ereg Epiregulin null mice are morphologically normal and display no overt abnormal phenotype, including in the gut. Lee et al., 2004

However, KO mice display increased susceptibility to DSS-induced intestinal damage.

Ereg KO mice are viable, but display chronic dermatitis. Shirasawa et al., 2004

Btc Mutant mice are viable, fertile and display normal growth. No overt phenotype. Jackson et al., 2003

Nrg1 Mutant animals die during development and display heart and nervous system aberrant phenotypes. Meyer and Birchmeier,
1995

Nrg1 Embryonic lethality of mice deficient in Neuregulin Igl domain. Abnormal heart and cranial nerve development. Kramer et al., 1996

Nrg1 Nrg1 null embryos die at E10.5 due to abnormal heart development. Erickson et al., 1997

Nrg1 Inducible loss of Nrg1 in adults affects intestinal cell proliferation and stem cell maintenance during tissue homeostasis
and regeneration.

Jardé et al., 2020

Nrg2 Nrg2 KO pups are viable but significantly smaller than their littermates. Analysis of major organs revealed no obvious
changes.

Britto et al., 2004

Nrg2 Mutant mice are viable, but exhibit behavioral disorders. Yan et al., 2018

Nrg3 KO mice are viable and fertile, but exhibit behavioral disorders. Hayes et al., 2016

Nrg4 Nrg4 mutant mice are viable, but display metabolic disorders. Wang et al., 2014

Receptor Phenotype Study

Egfr Egfr KO on a CF-1 background results in peri-implantation death. Threadgill et al., 1995

On a 129/Sv background, homozygous mutants die at mid-gestation due to placental defects.

CD-1 mutants live for up to 3 weeks and show abnormalities in numerous tissues, including the gastrointestinal tract.

Egfr Embryonically lethal, but some mutant mice survive for up to 8 days after birth and display abnormal development,
including in the gut.

Miettinen et al., 1995

Egfr Egfr mutant fetuses on a 129/Sv background are retarded in growth and die at mid-gestation due to placental defects. Sibilia and Wagner, 1995

Some mice on a 129/Sv - C57BL/6 background survive until birth and to postnatal day 20 on a 129/Sv - C57BL/6 -
MF1 background.

Newborn mutant mice display skin and lung phenotypes, but normal gastrointestinal tract.

Egfr (i) Mice harboring intestinal specific loss of Egfr are viable and display no obvious gut abnormalities. Srivatsa et al., 2017

Erbb2 Erbb2 null embryos die before E11 due to abnormal cardiac and neural development. Lee et al., 1995

Erbb2 Erbb2 KO embryos die on E10.5 and display cardiac and neural malfunction. Erickson et al., 1997

Erbb2 (i) Mice harboring intestinal specific loss of Erbb2 are viable and display no obvious gut abnormalities. Zhang et al., 2012

However, ErbB2 is required for tissue regeneration following DSS mediated injury.

Erbb3 Erbb3 null embryos die at E10.5 due to neural defect. No developmental defects in epithelia of Erbb3 mutant embryos. Riethmacher et al., 1997

Erbb3 Erbb3 loss is embryonically lethal at E13.5. Mice display cardiac, neural and gastrointestinal defects. Erickson et al., 1997

Erbb3 Erbb3 KO results in embryonic lethality. Lee et al., 2009

Erbb3 (i) The intestinal epithelium of mice with intestine-specific genetic ablation of ErbB3 exhibits no cytological abnormalities. Lee et al., 2009

However, Erbb3 KO mice display more severe intestinal injury mediated by DSS.

Erbb3 (i) Deletion of intestinal epithelial Erbb3 in adult mice do not cause defects in architecture of the small intestine or colon. Zhang et al., 2012

However, Erbb3 is required for tissue regeneration following DSS-mediated injury.

Erbb3 (i) Intestinal epithelial Erbb3 KO causes early appearance of Paneth cells. Almohazey et al., 2017

Erbb3 KO mice are more sensitive to intestinal damage mediated by DSS.

Erbb4 Erbb4 loss is embryonically lethal. Mice display cardiac and neural defects. Gassmann et al., 1995

Erbb4 (i) Deletion of intestinal epithelial Erbb4 in adult mice do not cause intestinal defects. Almohazey et al., 2017

(i) indicates intestinal specific deletion.

epithelial monolayer is exposed to an extremely harsh chemical
and mechanical environment, it is highly vulnerable to damage.
This is partially compensated for by the daily dynamic renewal

of the epithelial layer, with differentiated cells being replaced
every few days via the activity and neutral competition of a
small population of stem cells (Snippert et al., 2010). Damage

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 July 2021 | Volume 9 | Article 685665326

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-685665 July 13, 2021 Time: 17:18 # 6

Abud et al. EGF Ligands in the Intestine

induced by pathogenic bacteria that primarily impacts the villi
is rapidly repaired, but severe infection can also compromise
the function of stem cells deep within crypts and result in
more extensive damage (Mileto et al., 2020). Inflammation
and treatments such as chemotherapy and radiotherapy also
impact the integrity of cells within crypts. Recovery from these
insults involves a repair and regeneration process that involves
extensive remodeling of both cells within the epithelium and
the surrounding niche cells (Hageman et al., 2020). Following
injury, macrophages are recruited and secrete WNT ligands and
IL6 (Taniguchi et al., 2015), innate lymphoid cells secrete IL22
(Aparicio-Domingo et al., 2015), stromal cells are remodeled
(Kinchen et al., 2018) and there are distinct changes in the
extracellular matrix that generate the mechanical cues to activate
YAP/TAZ signaling in the epithelium (Yui et al., 2018). Strikingly,
despite the widely reported observation of EGF stimulating
proliferation of intestinal cells, there is little change in the
expression of EGF during the regenerative response following
injury in the intestinal epithelium (Jardé et al., 2020; Figure 2).
In contrast, NRG1 is robustly up-regulated following injury
in macrophages, endothelial cells and in PDGFRα+ stromal
cells (Figure 2). The effect of NRG1 on the epithelium induces
both a strong proliferative response and induction of stem
cell characteristics in regenerating crypts (Jardé et al., 2020).
AREG and EREG have also been observed to be induced in
epithelial cells following injury, with knockout animals displaying
a significant decrease in the number of regenerating crypt
domains and a more significant weight loss following injury,
respectively (Lee et al., 2004; Shao and Sheng, 2010; Table 1). The
expression of ErbB3 is up-regulated during regeneration (Jardé
et al., 2020) and the requirement for ErbB receptor function
during tissue regeneration has been clearly demonstrated using
knockout models. Indeed, loss of epithelial ErbB2 or ErbB3
decreases the ability of the intestine to efficiently regenerate
following DSS-mediated injury (Lee et al., 2009; Zhang et al.,
2012; Almohazey et al., 2017; Table 1).

UTILIZING ORGANOID CULTURES TO
INTERROGATE CONTRIBUTIONS OF
LIGANDS AND DIFFERENTIAL
ACTIVATION OF SIGNALING PATHWAYS

It is clear that coordination of stem cell maintenance, progenitor
proliferation and differentiation of mature cell types in the
intestinal epithelium is orchestrated by gradients of active growth
factors, agonists and antagonists in vivo (Tian et al., 2015; Basak
et al., 2017; McCarthy et al., 2020b; Beumer and Clevers, 2021).
The behavior of cells can change depending on the threshold
and length of active signals and crosstalk between signaling
pathways. Intestinal organoid culture was developed based on
substitution of key in vivo niche signals (Sato et al., 2009, 2011)
with Matrigel providing the appropriate stiffness to mimic the
extracellular matrix. Under these conditions, the epithelium has
the capacity to self organize, with many different epithelial cell
types forming from single stem cells (Sato et al., 2009). Although

this system has clear limitations, it provides an opportunity to
study the intestinal epithelial population in isolation. Complex
cellular interactions can be replicated by performing co-cultures
with fibroblasts, nerve cells and immune cells (Kabiri et al., 2014;
Rogoz et al., 2015; Pastula et al., 2016), in which genetic deletion
of specific ligands can be performed and the impact on epithelial
cells characterized. The effect of the microbiome and its by-
products can also be evaluated (Mileto et al., 2020). However,
and as opposed to applying the ligand-mediated stimulation in
an unspecific manner in the current organoid technology, new
systems that fully replicate the growth factor gradients observed
in vivo, including WNT and EGF enrichment at the bottom
of intestinal crypts, are required. Indeed, recent technological
advances have allowed preservation of such complex tissue
systems and gradients in culture using intestine- and organoid-
on-a-chip models (Wang et al., 2018; Nikolaev et al., 2020).
These systems will expand our understanding of complexity of
the cellular microenvironment in which the cellular gradients of
EGF family of ligands can be tested and assessed.

The relative proportion of different epithelial cell types can
be manipulated in organoids by altering the culture conditions.
For example, addition of CHIR99021 to elevate WNT signaling
can enrich for Lgr5+ stem cells and inhibition of Notch induces
secretory cells (Yin et al., 2014). Therefore, the organoid culture
system permits the function of different environmental signals
and signaling components to be interrogated by addition of
proteins, toxins and chemical inhibitors (Clevers and Tuveson,
2019; Hageman et al., 2020). The function of the EGF family
of ligands and receptors have been investigated using this
methodology. EGF was included in the medium utilized for
the first intestinal organoid cultures based on observations that
EGF could promote proliferation of intestinal epithelial cells
(McKenna et al., 1994; Dignass and Sturm, 2001; Abud et al.,
2005; Sato et al., 2009). Along with R-spondin 1, EGF is required
to maintain organoid crypt growth. Inhibition of signaling
through the EGFR by addition of gefitinib and/or withdrawal of
EGF from mouse small intestinal organoid cultures dramatically
reduces proliferation within organoids and induces quiescence
and an enteroendocrine molecular signature in Lgr5+ cells
(Basak et al., 2017). However, one of the limitations in studying
EGF signaling in intestinal organoids is the production by
niche epithelial cells of EGF itself, which makes the analysis of
exogenous supplementation vs. endogenous challenging.

It is important to keep in mind that the composition of the
extracellular matrix surrounding epithelial cells in adult tissues,
which is not fully replicated in organoid culture, might also affect
the downstream molecular response to EGFR/ErbB activation
(Yarwood and Woodgett, 2001). Other ligands from the family
have also been tested in organoids. NRG1 can substitutes for EGF
and robustly induces proliferation and budding of mouse small
intestinal organoids through prolonged activation of MAPK
and AKT signaling that is dramatically more effective than
EGF (Jardé et al., 2020). In addition, HB-EGF supports the
growth of human adult intestinal organoids in a similar fashion
to EGF, which contrasts with the decreased ability of EREG
to sustain organoid growth (Fujii et al., 2018). Human fetal
enteroid cultures established in either NRG1 or EGF also display
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different phenotypes. EGF promotes proliferation and intestinal
lineage identity while NRG1 supports cellular diversity and
intestinal epithelial stem cell maturation (Holloway et al., 2021;
Yu et al., 2021).

CONCLUSION

A striking feature of the intestinal epithelium is the high
turnover of cells which occurs on a daily basis, the dramatic
expansion of tissue during embryonic development and the rapid
remodeling observed in response to injury. Members of the EGF
family of ligands and their receptors contribute substantially to
these processes where the current evidence suggests there are
distinct functions for particular ligands but also some functional
redundancy (Gregorieff et al., 2015; Jardé et al., 2020; Holloway
et al., 2021). The downstream signaling pathways that mediate
these processes and the crosstalk that may occur with other
pathways are less defined. Lineage tracing studies have revealed
the high level of plasticity present within intestinal crypts with
progeny of Lgr5+ cells having the capacity to de-differentiate
following injury to replace the stem cell pool (Tian et al., 2011;
Metcalfe et al., 2014; Schmitt et al., 2018; Yu et al., 2018; Ayyaz
et al., 2019; Jones et al., 2019; Murata et al., 2020). Although
several of the intrinsic signals required for this process have

been identified, the influence of signals in the microenvironment
that control this are less clear. It is likely that ligands such as
NRG1, which is significantly upregulated in stromal cells during
regeneration, play a role (Jardé et al., 2020). Organoid cultures
offer a resource to further define these activities, especially for
human tissues, and future studies incorporating co-cultures of
specific niche cell types will further clarify cellular mechanisms.
Defining these signals could ultimately inform strategies to
improve epithelial repair in conditions such as inflammatory
bowel disease, necrotizing enterocolitis and short gut syndrome.
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Epithelial tissues are the most rapidly dividing tissues in the body, holding a natural ability
for renewal and regeneration. This ability is crucial for survival as epithelia are essential to
provide the ultimate barrier against the external environment, protecting the underlying
tissues. Tissue stem and progenitor cells are responsible for self-renewal and repair
during homeostasis and following injury. Upon wounding, epithelial tissues undergo
different phases of haemostasis, inflammation, proliferation and remodelling, often
resulting in fibrosis and scarring. In this review, we explore the phenotypic differences
between the skin, the oesophagus and the oral mucosa. We discuss the plasticity
of these epithelial stem cells and contribution of different fibroblast subpopulations
for tissue regeneration and wound healing. While these epithelial tissues share global
mechanisms of stem cell behaviour for tissue renewal and regeneration, the oral mucosa
is known for its outstanding healing potential with minimal scarring. We aim to provide
an updated review of recent studies that combined cell therapy with bioengineering
exporting the unique scarless properties of the oral mucosa to improve skin and
oesophageal wound healing and to reduce fibrotic tissue formation. These advances
open new avenues toward the ultimate goal of achieving scarless wound healing.

Keywords: oral mucosa, oesophagus, skin, homeostasis, wound repair, regenerative therapy, tissue engineering,
regenerative medicine

INTRODUCTION

Epithelial tissues provide the body’s first line of protection from physical, chemical and biological
damage. Mammalian epithelia vary in structure throughout the body according to their function
and microenvironment. Skin is considered the largest organ of our body; however, it is not the only
epithelium exposed to the external environment. The airways, digestive tract, as well as the urinary
and reproductive systems, are all exposed to external stress and are lined by an epithelium, sharing
some important structural and functional features.

In this review, we focus on three stratified squamous epithelial tissues – the skin, the oesophagus
and the oral mucosa – and provide a comparative analysis of the architecture, cell composition and
behaviour of these three different tissues during homeostasis and wound healing. We discuss the
outstanding regenerative potential of the oral mucosa and how its scarless wound healing properties
can be applied to the other tissues.
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COMPARATIVE ANALYSIS OF SKIN,
OESOPHAGUS, AND ORAL MUCOSA

Adult epithelia harbour resident stem cells (SCs) responsible for
homeostasis and tissue repair. The epithelial lining of the skin
develops from the ectoderm, the oesophageal epithelium derives
from the endoderm, while the oral epithelium derives both from
ectoderm and endoderm (Wells and Melton, 1999; Fuchs, 2007;
Que et al., 2007; Rothova et al., 2012). Skin, oesophagus and
oral mucosa share global cellular architecture (Figure 1) and
homeostasis, however several studies have highlighted different
markers for their SCs and differentiated cells (Figure 2).

Skin, Oesophagus and Oral Mucosa
Structural Comparison
The skin is comprised of three different layers: epidermis, dermis
and hypodermis, and harbours additional appendages, such as
hair follicles, nails, sweat and sebaceous glands (Watt, 2014).
The interfollicular epidermis (IFE) is the outermost layer and
is responsible not only for mechanical protection from the
hostile environment, but also prevents from dehydration and
invasion by microorganisms. The IFE is a multi-layered stratified
squamous epithelium with four layers that have different
degrees of differentiation: basal, spinous, granular and stratum
corneum or cornified layer (Figures 1, 2A), and is composed
of keratinocytes, Merkel cells, melanocytes, Langerhans cells and
lymphocytes (Rushmer et al., 1966; Matoltsy, 1986; Odland, 1991;
Holbrook, 1994; Joost et al., 2020). The IFE is separated from
the underlying dermis by a basement membrane (Figure 1), an
extracellular matrix (ECM) rich in type IV collagen and laminin
(Timpl and Brown, 1996).

The dermis is the connective tissue layer that provides skin
elasticity and tensile strength (Frantz et al., 2010) and it is mainly
composed of fibroblasts, but also monocytes, macrophages, mast
cells, lymphocytes, dermal adipocytes, as well as blood vessel- and
sensory nerves-related cells (Lai-Cheong and McGrath, 2013).
Using intra-vital imaging on normal mouse ear and paw skin
showed that fibroblasts maintain a stable position, and that upon
loss of neighbouring cells, the cell membranes extend to fill in the
space in a Rac1-dependent process. This process is also conserved
upon fibroblast loss in skin ageing (Marsh et al., 2018). However,
it is the non-cellular component of the dermis – the ECM – that
provides the scaffolding for the skin cellular constituents and
that regulates the signalling required for tissue morphogenesis,
differentiation and homeostasis (Sorrell and Caplan, 2004; Frantz
et al., 2010).

The dermis can be separated into three spatially distinct layers
with unique characteristics in development, regeneration and
fibrosis: (1) the papillary layer, closest to the epidermis with
a high cell density and loose connective tissue and expressing
CD90+CD39+FAP+ in human; (2) the reticular layer, with
lower cell density but rich in connective tissue and expressing
FAP−CD90+ in human (and CD36+ for the lower reticular);
and (3) the hypodermis which consists mainly of adipose tissue,
loose connective tissue and is highly vascularised and rich in
hormones and growth factors and expressing CD90+CD36+

in human (Figure 1; Harper and Grove, 1979; Azzarone and
Macieira-Coelho, 1982; Schafer et al., 1985; Sorrell et al., 1996;
Freinkel and Woodley, 2001; Sorrell and Caplan, 2004; Watt and
Fujiwara, 2011; Driskell et al., 2013; Driskell and Watt, 2015;
Sriram et al., 2015; Hiraoka et al., 2016; Philippeos et al., 2018;
Korosec et al., 2019). Another fibroblast subpopulation associated
with hair follicles lies in the dermal papilla and on the hair follicle
dermal sheath, and belongs to the papillary lineage (Reynolds and
Jahoda, 1991; Jahoda and Reynolds, 1996; Driskell et al., 2013;
Joost et al., 2020). Several studies have highlighted the functional
heterogeneity of fibroblasts with different healing potential
(Driskell et al., 2013; Rinkevich et al., 2015; Mastrogiannaki
et al., 2016; Jiang and Rinkevich, 2018; Jiang et al., 2018;
Philippeos et al., 2018; Tabib et al., 2018; Correa-Gallegos et al.,
2019; Guerrero-Juarez et al., 2019; Abbasi et al., 2020; Joost
et al., 2020; Phan et al., 2021) as well as differences in the
expression of collagen subtypes and proteoglycans (Meigel et al.,
1977; Zimmermann et al., 1994; Sorrell et al., 1999; Sorrell and
Caplan, 2004) and response to different signals originating from
neoplastic epidermal SCs (Lichtenberger et al., 2016). Papillary
fibroblasts are more proliferative than site-matched reticular
fibroblasts, in both mouse and human skin (Harper and Grove,
1979; Azzarone and Macieira-Coelho, 1982; Schafer et al., 1985;
Sorrell et al., 1996; Sorrell and Caplan, 2004) and more effectively
support the formation of a multi-layered epithelium in two- and
three-dimensional (3D) cultures (Higgins et al., 2017; Korosec
and Lichtenberger, 2018; Philippeos et al., 2018). Reticular dermis
is richer in fibrous connective tissue and, when in culture,
reticular dermal fibroblasts contract collagen latices faster than
papillary dermal fibroblasts (Schafer et al., 1985; Sorrell et al.,
1996). According to lineage tracing and skin reconstitution assays
in mice, reticular fibroblasts descending from PDGFRα+Dlk1+
progenitors are responsible for the first wave of dermal wound
repair and produce the bulk of the ECM whereas papillary
fibroblast lineage supports healthy skin regeneration and hair
follicle development, namely through expression of the key
transcription factor Lef1 (Driskell et al., 2013; Rognoni et al.,
2016, 2018; Phan et al., 2020). More recently, the quiescence-
associated factor hypermethylated in cancer 1 positive (Hic1+)
progenitors, primarily distributed in the reticular dermis, was
shown to robustly contribute to regenerate injured dermis and
to populate neogenic hair follicles in adult mice (Abbasi et al.,
2020). As for the hypodermis, the deepest layer of the mammalian
skin that provides insulation and cushioning, is crucial for wound
healing, re-epithelialisation and angiogenesis processes (Freinkel
and Woodley, 2001; Rivera-Gonzalez et al., 2014; López et al.,
2018; Zomer et al., 2020).

A recent study has identified an additional fibroblast
subpopulation below the hypodermis called the fascia that
contribute to skin scar formation (see section “The Outstanding
Regenerative Potential of Oral Mucosa – Scarless Wound
Healing”; Correa-Gallegos et al., 2019; Jiang et al., 2020a; Jiang
and Rinkevich, 2021).

In continuity with the skin epithelium, the stratified oral
mucosa provides an important barrier to the external challenges.
The structure of the oral epithelium comprises a stratified
squamous epithelium (keratinised or non-keratinised) and the
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FIGURE 1 | Comparison of skin, oesophagus, oral mucosal tissue structure in Mus musculus. Diagram (Left) and representative histological images (Right) of skin,
oesophagus and oral mucosa keratinised (dorsal tongue) and non-keratinised (buccal mucosa) tissues identifying the different layers. 5 µm-sections collected from a
16-week-old C57BL/6 mouse stained with haematoxylin and eosin staining (H&E). Scale bar: 100 µm. HF, hair follicle.

underlying lamina propria, which is rich in connective tissue,
fibroblasts, nerves, minor salivary glands and blood vessels (Jones
and Klein, 2013; Hand and Frank, 2014; Figure 1).

The non-keratinised oral epithelia comprise basal, spinous,
intermediate and superficial layers, while the keratinised oral
epithelia resemble the skin epidermis and include basal, spinous,

granular and cornified layers (example of keratinised vs. non-
keratinised oral epithelia in Figures 1, 2; comparison between
all mouse oral epithelia reviewed in Jones and Klein, 2013).
Furthermore, the oral mucosa is subdivided in masticatory
(hard palate and gingiva), specialised (dorsal tongue) and lining
subtypes (soft palate, buccal mucosa, ventral tongue, intra-oral
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FIGURE 2 | Expression pattern of keratins and others markers on the adult mouse skin, oesophagus and oral epithelia. Schematic of epithelial layers and respective
expression markers for (A) skin, (B) oesophageal, (C) buccal mucosa, and (D) dorsal tongue epithelia. During normal epithelial homeostasis, epithelial cells
proliferate on the basal layer (blue) and keratinocyte differentiation (yellow) is accompanied by an upward migration through the suprabasal layers, replacing dead
cells that shed from the epithelium surface. *Expressed only on ear, sole and tail skin; #expressed only on sole and palm skin; §expressed only on paw skin.

lips and alveolar mucosa) (Gartner, 1991; Jones and Klein, 2013),
reflecting the different structures within the oral cavity. For
instance, the cheek buccal mucosa and soft palate are covered
by non-keratinised lining mucosa which confers flexibility
(Figure 1). The hard palate and gingiva are characterised by a
keratinised masticatory epithelium prepared for stresses caused
by chewing food. The tongue presents two different phenotypes:
the ventral surface displays a non-keratinised lining epithelium,

and the dorsal surface is covered by a specialised keratinised
epithelium (Figures 1, 2; Jones and Klein, 2013; Hand and Frank,
2014; Groeger and Meyle, 2019). The specialised epithelium of
the dorsal tongue houses four types of lingual papillae, three
gustatory papillae (fungiform, circumvallate and foliate) with
taste buds for sensorial stimuli, and filiform papillae important
to grip and process food (Mistretta and Kumari, 2017). Filiform
papillae are found in large numbers through the dorsal tongue
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and present a spinous cone-shaped structure (Figures 1, 2D;
Hume and Potten, 1976).

Oral (gingival) fibroblasts are known to resemble foetal
skin regenerative potential, namely on their migratory capacity
through production of MSF, a migration stimulating factor not
present in adult skin (Irwin et al., 1994).

From a development perspective, dorsal skin and oral mucosal
fibroblasts have different origins: while the non-cranial dorsal
skin dermis has an Engrailed1-lineage-positive somitic origin, the
oral mucosa lamina propria and cranial skin dermis originates
from Wnt1-lineage-positive neural crest cells (Janebodin et al.,
2011; Ishii et al., 2012; Rinkevich et al., 2015). This may be the
basis for the intrinsic phenotypic differences between oral and
skin fibroblasts in wound healing. For instance, CD90+CD26+
skin fibroblasts were linked to scarring in skin wound healing,
however, in gingiva CD26+ fibroblasts are only residually present
(Mah et al., 2017; Worthen et al., 2020). Oral mucosal fibroblasts
are also primed with higher expression levels of hepatocyte
growth factor and its most relevant isoform NK1, therefore more
effectively resist to TGF-β1-driven myofibroblast differentiation
when compared to dermal fibroblasts (Dally et al., 2017). Another
crucial difference relies on the phenotypic activity of the matrix
metalloproteinase (MMP) tissue inhibitors (TIMP), namely
TIMP-1 and TIMP-2 production, which in the oral mucosa is
reduced, therefore allowing for increased MMP-2 activity in the
remodelling phase of oral wound healing (Stephens et al., 2001).

Importantly, the epithelial-stromal interaction is key
determinant of the phenotypic dynamics of the epithelium
in homeostasis and when challenged. The epithelium is
affected by the underlying mesenchymal cells, as these produce
keratinocyte growth factor and hepatocyte growth factor/scatter
factor molecules, important for the regulation of epithelial
growth and integrity (Grøn et al., 2002; Costea et al., 2003;
McKeown et al., 2003; Shannon et al., 2006; Sa et al., 2019).
Furthermore, the epithelial-stromal-immune cell crosstalk
in gingival mucosa was recently described as determinant of
inducing an immune response to environmental cues and in
regulating mucosal immunity (Nowarski et al., 2017; Caetano
et al., 2021; Williams et al., 2021).

The submucosal layer of the oral cavity can be compared to the
hypodermis in skin, being composed of loose fatty or glandular
connective tissue. The presence of a submucosal layer depends
on the oral cavity region and is directly linked to the flexibility
of the attachment of the oral mucosa to underlying structures. In
regions of lining epithelium (such as the cheek buccal mucosa,
lips and some hard palate regions) this layer separates the oral
mucosa from the bone or muscle below (Figure 1), while regions
of masticatory and specialised mucosa (such as gingiva and some
hard palate regions) lack this layer (Squier and Kremer, 2001).

Compared to skin and oral mucosa, the oesophagus
epithelium is relatively simpler. Given its physiological
function of transferring food from the oral cavity to the
stomach, this organ is extended from the upper to the lower
oesophageal sphincters which are respectively overlapped by
the pharyngoesophageal and gastroesophageal junctions. The
sphincters open during swallowing and the oesophagus initiates
the process of peristalsis to assure the unidirectional transport of

the content to the stomach. The mouse oesophagus comprises
a keratinised stratified squamous epithelium, differing from
non-keratinised human oesophageal epithelium (Figure 1).
There are a few other key aspects that differentiate the mouse
and human oesophageal epithelia. In humans, the oesophageal
epithelium is folded around structures called papillae, which
separates the basal layer into either interpapillary or papillary
basal layers; it is also characterised by the presence of submucosal
glands. This contrasts with the simple epithelium found in
mice, devoid of papillae and glands (Messier and Leblond, 1960;
Seery, 2002; Doupé et al., 2012; Alcolea, 2017). Additionally,
while in mice the oesophageal epithelium comprises a basal
layer of proliferating cells (Goetsch, 1910; Messier and Leblond,
1960; Marques-Pereira and Leblond, 1965; Gavaghan, 1999),
in humans, cycling cells extend to the 5th-6th suprabasal layers
(Barbera et al., 2015).

The oesophagus mucosa is composed of two other layers:
the lamina propria, which in this organ is a very thin layer
of connective tissue supporting the epithelium, as well as a
thin layer of longitudinally organised smooth muscle (Goetsch,
1910; Oezcelik and DeMeester, 2011). To add to this diversity,
it is known that the human oesophagus is not only composed
of squamous epithelium, but on the most distal area there
is a 1-2cm transition to columnar epithelium, which is the
same lining epithelium covering the stomach (Gavaghan, 1999).
Furthermore, the muscularis mucosae thickness increases from
the most proximal to the most distal part of the oesophagus
(Goetsch, 1910; Oezcelik and DeMeester, 2011).

Both the oral and the oesophageal epithelia are devoid of
appendages. Although they belong to the gastrointestinal tract,
they share the same stratified epithelium architecture as the skin
rather than the single layer of cells that line the stomach, the small
intestine and the large intestine, important for greater absorption
capacity (Goetsch, 1910; Gordon, 1994).

Comparison of the Keratin Expression
Programme Between Different Epithelia
Keratins are intermediate filament proteins of epithelial cells
providing mechanical integrity and structure to the epithelia
and act as a scaffold that enables cells to resist stress and
damage, which is essential for normal tissue function (Coulombe
et al., 1991; Moll et al., 2008). Changes in keratin synthesis
leads to alterations in cell movement or cell differentiation
and, consequently, their function (Vassar et al., 1991; Singh
and Gupta, 1994). Mutations that impair keratin assembly have
been identified in a range of human skin or multifactorial
disorders, such as epidermolysis bullosa, typically leading to
loss of epithelial integrity, abnormal differentiation and affecting
epithelial regeneration (Lane, 1994; Quinlan et al., 1994; Knöbel
et al., 2015; Herrmann and Aebi, 2016; Bardhan et al., 2020).

While different epithelia exhibit different patterns of keratin
expression (Franke et al., 1981) the keratin patterns are similar
between the same anatomic regions of different species. During
epithelial homeostasis, epithelial cells migrate from the basal into
the suprabasal layer and progressively loose their proliferative
potential and begin to synthesise a set of structural proteins
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(Candi et al., 2005). The switch in the keratin expression from
proliferating basal cells to differentiated suprabasal cells indicates
a change in the cell cytoskeleton organisation, influencing their
functional properties.

In all skin, oesophageal and oral stratified squamous epithelia,
the basal dividing cells produce keratin 5 (Krt5) and Krt14
(Squier and Kremer, 2001; Rosekrans et al., 2015; Gonzales and
Fuchs, 2017). Krt15 is additionally expressed in the oesophageal
basal cells (Rosekrans et al., 2015; Giroux et al., 2017). As
cells leave the basal layer and start differentiating, the keratin
expression suffers a transition to other keratins and differences
arise between types of epithelia. For instance, mouse skin
epidermal suprabasal cells switch to expressing Krt10 and Krt1
on interfollicular epidermis and Krt2e on the ears, soles and tail
(Fuchs and Green, 1980; Candi et al., 2005; Fischer et al., 2016;
Figure 2A). Interestingly, the epidermis of palms and soles, which
are the thickest epidermis withstanding the highest degree of
mechanical stress the body is exposed to, also express Krt9 in
suprabasal layers to provide additional mechanical reinforcement
(Knapp et al., 1986; Moll et al., 1987; Candi et al., 2005;
Fu et al., 2014).

The heterogeneity of oral epithelia is reflected in its suprabasal
keratin expression. The non-keratinised lining mucosa shares
the expression of Krt4 and Krt13 (Dale et al., 1990), whereas
the palatal and gingival masticatory epithelia are keratinised and
share the expression of Krt1, Krt2p (now called Krt76) and Krt10
with skin (Dale et al., 1990; Collin et al., 1992). The gingiva
itself is composed of a heterogeneous combination of keratin
expression varying between the gingival epithelium mentioned
above, the sulcular epithelium (expressing Krt4 and Krt13) and
junctional epithelium (expressing Krt8, Krt13, Krt16, Krt18 and
Krt19) (Dale et al., 1990; Groeger and Meyle, 2019). Regarding
the specialised epithelium of the dorsal tongue, a heterogeneous
pattern is also found: Krt4 and Krt13 are expressed in the
interpapillary zone and anterior papillae, Krt1 and Krt6a are
expressed in the anterior papillae and Krt1 and Krt10 are locally
expressed in the posterior papillae (Dale et al., 1990; Howard
et al., 2014; Nishiguchi et al., 2016). A recent study has also
shown the expression of Krt76 in the palate, buccal mucosa
and dorsal tongue suprabasal layers, including filiform papillae
(Figures 2C,D; Sequeira et al., 2018).

With more similarities with oral than with skin epithelia,
the oesophageal epithelium expresses Krt4 and Krt13 on the
suprabasal layers (Figure 2B; Treuting et al., 2012; Rosekrans
et al., 2015; Zhang et al., 2017). The mouse oesophagus contains
an acellular layer of keratin on the top of the squamous
epithelium, similar to the skin, however this keratin layer is
absent in the human oesophagus (Treuting et al., 2012).

In addition to keratins, important transcription factors are
also expressed in the basal layer of different stratified epithelia:
Lef/Tcf-family transcription factor Tcf3 was found in paw skin,
dorsal tongue and oesophagus (Howard et al., 2014); Bmi1, Lrig1
and p63 are enriched as well in all these epithelial basal layers
(Figure 2; Que et al., 2007; Senoo et al., 2007; Choy et al., 2012;
Jones and Klein, 2013; Zhang et al., 2017; Byrd et al., 2019;
Jones et al., 2019; Piedrafita et al., 2020); Gli1+ cells are present
in oral mucosa and skin epithelial basal layer while Sox2 is in

oesophageal and oral epithelia, including tongue taste bud cells
(Que et al., 2007; Jones and Klein, 2013; Zhang et al., 2017; Jones
et al., 2019; Ohmoto et al., 2020; Figure 2).

The proteins filaggrin, involucrin, and loricrin are also
expressed in the suprabasal layers of these epithelia, being
key differentiation proteins involved in the thickening of the
cornified cell envelope (Figure 2; Mehrel et al., 1990; Squier
and Kremer, 2001; Howard et al., 2014; Nishiguchi et al.,
2016; Quiroz et al., 2020). Considering the lack a cornified
layer in non-keratinised epithelia, keratinocytes retain their
nucleus and despite presenting membrane-coating granules, the
accumulation and aggregation of cytokeratins with formation of
bundles of filaments seen in keratinised epithelia is much less
pronounced (Squier, 1977).

Interestingly, keratin expression programmes can change
when epithelial cells are exposed to a different environment.
Epithelial cells respond to extrinsic signals and change their
identity when placed in a different microenvironment, as
observed when oesophageal, thymic or cornea epithelial are
placed on skin microenvironment (Ferraris et al., 2000; Bonfanti
et al., 2010; Bejar et al., 2021). For instance, when oesophageal
epithelial cells are grafted into skin, the suprabasal layers loose
Krt4 expression as it transforms into a skin identity (Bejar et al.,
2021). The mechanisms regulating this identity change remain
to be elucidated.

Epithelia Homeostasis and Cellular
Differentiation
Tissues such as the squamous epithelia of the epidermis,
oral cavity and oesophagus hold the natural capacity of self-
renewal, with resident adult SCs actively replacing dying cells to
accomplish homeostasis. The skin epidermis is by far the most
studied epithelium, and this reflects the depth of the knowledge
on SC behaviour and differentiation. In adult skin, different
epithelia maintain homeostasis by their own pool of SC niches
that are found in the basal layer of the IFE, as well as in the sweat
glands, touch domes and hair follicle (Fuchs and Green, 1980;
Cotsarelis et al., 1990; Blanpain et al., 2004; Morris et al., 2004;
Ito et al., 2005; Legué and Nicolas, 2005; Clayton et al., 2007; Jaks
et al., 2008; Jensen et al., 2009; Snippert et al., 2010b; Legué et al.,
2012; Lu et al., 2012; Sequeira and Nicolas, 2012; Doucet et al.,
2013; Page et al., 2013; Schepeler et al., 2014; Sada et al., 2016;
Donati et al., 2017; Mesler et al., 2017; Yang et al., 2017).

There has been a great effort to understand the organisation
and fate of stem cells in the basal layer that maintain tissue
homeostasis. The first proposed model was the SC-transient
amplifying cell hierarchy of the epidermal proliferative unit
(EPU) (Potten, 1974; Figure 3A). The EPU model defends
that each stack of cornified cells is maintained by a single
slow-cycling SC basally located within the basal layer. The SC
divides asymmetrically to generate another SC and a daughter
transient amplifying cell, organised in 3D columns. The transient
amplifying cells show high proliferative potential, undergo a fixed
number of divisions prior upward migration and differentiation
(Potten, 1974; Mackenzie, 1997). This model predicts clone size
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FIGURE 3 | Models for epithelial self-renewal. (A) Epidermal proliferative unit or invariant asymmetry model (Potten, 1974) suggests that epithelial renewal relies on
quiescent slow-cycling SCs that generate transient amplifying actively cells, which in turn generate non-dividing, differentiated cells. (B) A second model defends
that the epithelial renewal is achieved long-term by a single population of actively cycling and through stochastic fate of committed progenitor cells that directly
generate differentiated cells (single-progenitor model) (Clayton et al., 2007; Doupé et al., 2010). (C) The stem cell and committed progenitor model aroused from the
observation of a fast-cycling stem cell population (committed progenitor) within the basal layer that is generated by slow-cycling stem cells. These progenitors
eventually produce differentiated cells, however due to its short lifespan their contribution to wound healing is limited (Mascré et al., 2012; Sánchez-Danés et al.,
2016). (D) The two stem cell model suggests the co-existence of two stem cell populations independent from each other, with different division rates (Joost et al.,
2016; Rompolas et al., 2016; Sada et al., 2016; Aragona et al., 2020; Piedrafita et al., 2020).

to rise into a plateau and then remain stable, although this was
ruled out by lineage-tracing experiments (Clayton et al., 2007).

More recently, another study proposed the “population
asymmetry” or “single-progenitor” model (Clayton et al., 2007),
where the epidermal maintenance is achieved long-term through
stochastic fate of a single committed keratinocyte progenitor
in the basal layer from a pool of relatively fast cycling
undifferentiated Krt5+Krt14+ epidermal SCs (Figure 3B). This
pool is maintained by an autocrine mechanism of Wnt signalling
(Lim et al., 2013). According to this model, SCs divide to generate
one basal cell that attaches to the basement membrane and one
committed progenitor cell which will be prone to leave the basal
layer to enter an upward differentiation process. The progenitor
population will continuously divide wile committed cells leave
the basal layer and differentiate. This model suggests that the
progenitor population randomly undergoes either asymmetrical
or symmetrical divisions, the latter giving two progenitors or two
differentiated cells (Clayton et al., 2007; Doupé et al., 2010; Lim
et al., 2013; Rompolas et al., 2016; Figure 3B). Lineage-tracing
experiments have shown that following this stochastic choice
between symmetric or asymmetric SC division, the mean clone
size progressively increases with time (Clayton et al., 2007).

An alternative to this model is the “Stem cell – committed
progenitor model” (Figure 3C) that proposes a hierarchy of
slow-cycling SCs that will give rise to active SCs (progenitors)
which will then follow symmetric of asymmetric divisions to self-
renew or to generate the differentiated cells (Mascré et al., 2012;
Sánchez-Danés et al., 2016; Figure 3C).

Finally, a fourth model proposes the existence of two SC
populations that differ in their proliferative dynamics, their gene-
expression profile and their ability to repair the epidermis after
injury (Figure 3D; Rompolas et al., 2016; Sada et al., 2016;
Piedrafita et al., 2020). Some studies have already demonstrated
heterogeneity within the mouse IFE basal cells. Joost and
colleagues found two basal subpopulations in mouse dorsal IFE
basal I and basal II, differing in the additional expression of

Avpi1, Krt16, Thbs1, and the transcription factor Bhlhe40 by IFE
basal I (Joost et al., 2016). Furthermore, the IFE progenitors
found in different regions of the body were slow-cycling cells
able to both self-renew and give rise to intermediate progenitors
with a shorter lifespan and greater tendency to differentiation
(Mascré et al., 2012; Sada et al., 2016; Sánchez-Danés et al., 2016;
Piedrafita et al., 2020). The different observations on IFE basal cell
populations in relation to the anatomical position were proposed
to be dependent on hair follicle density in those regions. Both the
distance to the hair follicles and its cycling status were shown
to influence clonal progression reflecting fast- and slow-cycling
progenitors (Roy et al., 2016; Gonzales and Fuchs, 2017). This
two-stem cell model (Figure 3D) was very recently reinforced
by Aragona and colleagues through the study of cellular and
molecular mechanisms underlying stretch-mediated expansion
in vivo (Aragona et al., 2020). The authors show that stretching
induces changes in the renewal activity of a subset of epidermal
SCs, which is crucial for expansion, while a second progenitor
subpopulation committed to differentiation is preserved. These
events were shown to be more consistently governed by the
two-stem cell model when compared to the single-progenitor
model (Figures 3B,D). Interestingly, a recent single-cell RNA-
sequencing analysis of human neonatal foreskin discovered four
basal SC populations with differential spatial distribution on
the rete ridges of the epidermis, agreeing with a model of
multiple SC pools that differ in their proliferation capacity (Wang
et al., 2020). Future lineage-tracing, single-cell and microscopic
analysis will be needed to further elucidate the basal layer cellular
heterogeneity as well as novel markers and regulators.

The hair follicle has separate pools of long-term SCs [CD34+
(Blanpain et al., 2004), Gata6+ (Donati et al., 2017), Lgr5+ (Jaks
et al., 2008), Lgr6+ (Snippert et al., 2010a), Lrig1+ (Jensen et al.,
2009)] that are responsible for the homeostasis and the cycling
regeneration of the hair follicle; and some of these subpopulations
can contribute to the IFE for wounding regeneration, although
they do not contribute to normal homeostasis maintenance
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of the IFE (Ito et al., 2005; Legué et al., 2012; Mesa et al.,
2015; Liakath-Ali et al., 2018; Dekoninck and Blanpain, 2019;
Abbasi et al., 2020).

IFE and oesophageal epithelia appear to share common
homeostasis mechanisms (Piedrafita et al., 2020). As for the
IFE, oesophageal homeostasis mechanisms of cell behaviour
remain controversial. Some studies postulated that a hierarchy
of stem and transient amplifying cells maintains homeostasis.
Croagh and colleagues reported the existence of three basal
cell subpopulations, according to the expression profiles of
α6integrin and transferrin receptor (CD71): one α6

briCD71dim

is a putative oesophageal SC population, the α6
briCD71bri

represents the transient amplifying cell population and the third
population α6

dim which is a population of early differentiating
cells (Croagh et al., 2007). In agreement to the postulated
heterogeneity of basal cells, DeWard and colleagues used a
combination of cell-surface markers and labelled proliferating
basal epithelial cells in vivo to infer cell-cycle profiles and
proliferation kinetics. Differences on the expression of α6
integrin (Itgα6, also known as CD49f) and β4 integrin (Itgβ4,
CD104) in Sox2+ basal cells, combined with CD73 and Krt14,
Krt13and Krt4 revealed three different basal subpopulations:
Itgα6/Itgβ4HighCD73+ is a SC population, the faster dividing
Itgα6/Itgβ4HighCD73− is a transient-amplifying population and
Itgα6/Itgβ4Low represented the more differentiated basal cell
population (DeWard et al., 2014). However, more studies argue
that proliferation of a single progenitor population is confined
to the basal layer in contact to the basement membrane and
as progenitors are committed to differentiation, they withdraw
from the cell cycle and migrate from this layer toward the
epithelial surface. The fate of a dividing cell is randomly assigned,
however the probabilities are balanced, so equal proportions
of progenitor and differentiated cells are generated to maintain
cellular homeostasis (Piedrafita et al., 2020). How this balance is
maintained is not yet clear (Jankowski, 1993; Doupé et al., 2010,
2012; Alcolea et al., 2014; Frede et al., 2016). Recently, Giroux
and colleagues defended the existence of a long-lived Krt15+
population with stem/progenitor cell characteristics through
in vivo lineage-tracing and pointed against the single-progenitor
model (Giroux et al., 2017).

All these paradigms around the proposed models of skin
and oesophageal epithelia cell dynamics prompted Piedrafita
and colleagues to conduct an in-depth study of nine lineage-
tracing datasets in both oesophagus and various skin regions
(paw, ear, back, tail scale and tail interscale) (Doupé et al., 2010,
2012; Mascré et al., 2012; Lim et al., 2013; Füllgrabe et al.,
2015; Sada et al., 2016; Sánchez-Danés et al., 2016; Giroux et al.,
2017; Murai et al., 2018), defending that divergent hypothesis
result from distinct datasets analysis through distinct interpreting
and suitable procedures, lacking alternative hypotheses tests.
The authors used cell-cycle properties from the H2B-GFP
dilution data to fit lineage-tracing results by maximum likelihood
parameter inference. The results show that all these datasets are
in unison with the single-progenitor model (Figure 3B), with the
exception of the tail inter-scale region of the skin, defending that
skin and oesophageal epithelia homeostasis is equally controlled
by this model of basal cell behaviour (Piedrafita et al., 2020).

Besides intrinsic ability for division, the factors that drive
basal cells to make the decision to proliferate or differentiate
were not yet disclosed. For instance, upon skin wounding
different SC populations were shown to contribute to different
compartments and change their behaviour in order to increase
proliferation over differentiation until complete wound closure,
only then reverting to homeostasis (Jaks et al., 2008; Lim et al.,
2013; Roshan et al., 2016; Donati et al., 2017). This highlights
their plasticity when challenged. More recently the concepts
of local fate coordination and epidermal cell competition were
brought into discussion as key players of epithelial cell dynamics
(Lei and Chuong, 2018; Mesa et al., 2018; Murai et al., 2018;
Piedrafita et al., 2020). SC self-renewal was shown to be driven
by differentiation of neighbouring cells, supporting the concept
of local fate coordination, needed to achieve a precise balance
of SC activity (Mesa et al., 2018). Upon differentiation, the
space left is occupied by one of the directly neighbouring
progenitors which competes with the others for filling the space.
Cell competition is the process of elimination of less fit cells
that regulates tissue homeostasis and defence against mutant
populations which ultimately could evolve to tumours (Murai
et al., 2018). Cell competition has been found in different
tissues, such as skin, oral mucosa, intestine and oesophagus,
and it is often associated with differential gene expression
between competing cells (Klein et al., 2010; Snippert et al.,
2010b; Klein and Simons, 2011; Alcolea et al., 2014; Lynch
et al., 2017; Martincorena et al., 2018; Corominas-Murtra
et al., 2020). Clone growth is restricted by the limited size of
the proliferating compartment; therefore, since the epithelial
progenitors reside in a continuous sheet with no barriers, the
mutant clones can expand and collide with other surrounding
progenitors. When these encounter similar competitive cells, the
fate of the mutant clones reverts to a homeostatic behaviour
(Hall et al., 2018; Martincorena et al., 2018; Colom et al.,
2020). Both the skin and oesophageal local fate coordination
and competition events were shown to be compatible with
the single-progenitor model, regulating epithelial cell dynamics
governed by stochastic, but, also biased progenitor fates
(Piedrafita et al., 2020).

The oral epithelia SCs remain largely uncharacterised and
the attribution of the EPU model of homeostasis was often
assumed from studies performed in other epithelia, mainly skin
(Alonso and Fuchs, 2003; Dabelsteen and Mackenzie, 2006;
Thomson, 2020). More recent studies have been exploring
different regions of the oral cavity and pointing to which
model of epithelial homeostasis suits best with the results.
Some studies have defended the EPU model for mouse
tongue SC patterns (Luo et al., 2009; Tanaka et al., 2013;
Tang et al., 2013). The specialised epithelium of the tongue
was demonstrated to house two different SC niches, one
in the basal layer where long-term progenitors characterised
as Krt14+Krt5+Trp63+Sox2Low maintain the physiology of
filiform and fungiform papillae, circumvallate papilla and
soft palate, and the other is located outside the taste buds
and is a Krt14+Krt5+Trp63+Sox2+ population of bipotential
progenitor cells which give rise to both taste pore keratinocytes
and receptor cells of the taste buds (Okubo et al., 2009).
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Jones and colleagues presented a study using lineage-tracing,
label retention and single-cell RNA-sequencing that argues
against the EPU model, stating that both the dorsal tongue
and buccal mucosa epithelia are maintained by the single-
progenitor model of homeostasis (Figure 3B). Additionally,
the oral epithelial progenitor cells responded to epithelial
damage by amending their daughter cell fates (Jones et al.,
2019). Label-retaining cells were not found in tongue and
oropharynx epithelia, however they observed that the hard
palate displays a heterogeneous pattern of proliferation. The
palate rugae junctional zone was proposed to hold a reserve
SC niche, as these present characteristics of quiescence,
self-renewal by symmetric cell divisions, Lrig1 expression,
and activation after injury (Byrd et al., 2019). Furthermore,
Lrig1 plays a critical role in regulating the oral epithelial
SCs of the hard palate: upon decrease of Lrig1 expression,
cells exit their quiescence mode, inducing proliferation in
response to stress and injury (Byrd et al., 2019). Another
study points to a Wnt-responsive long-lived SC population
in the hard and soft palates basally located, responsible
for homeostasis and response to injury. However, the soft
palate showed a more robust and faster re-epithelialisation
(Yuan et al., 2019).

Overall, the oral cavity is composed of a variety of types
of epithelia with different lineage origins (Rothova et al.,
2012) that serve distinct functions. More studies are needed
to unveil the mechanisms underlying normal physiology
of these tissues.

The main differences between epithelia of the skin,
oesophagus and oral cavity, are their function, external
microenvironment and differentiation markers. Their SCs
are also estimated to divide at different rates: proliferating
cells on the oesophagus and the oral mucosa divide on
average every 2.4 days, while on the epidermis on average
between 3.5 and 6 days, depending on the body region
(Jones et al., 2019; Piedrafita et al., 2020). Furthermore, tissue
expansion during growth or in adulthood (for example,
ventral skin during pregnancy) also regulates SC division rate
and global behaviour. This further supports the notion that
SC behaviour is regulated by a combination of molecular
and mechanical cues that regulate tissue microenvironment
and cell behaviour (Vining and Mooney, 2017; Li et al.,
2018; Shyer et al., 2018; Aragona et al., 2020; Biggs et al.,
2020; Mcginn et al., 2021). Importantly, one of the crucial
components of the microenvironment surrounding epithelial
progenitor cells are fibroblasts. It has been shown that
different fibroblast subpopulations which carry regionally
intrinsic signals, determine the behaviour of adult epithelial
cells, namely in skin and oral mucosa (Locke et al., 2008;
Rinkevich et al., 2015; Yang et al., 2017; Abbasi et al., 2020).
For instance, in the gingiva structure, the gingival and the
junctional epithelia are phenotypically distinct. This is in
part due to heterogeneous resident fibroblasts that provide
different support to the epithelial growth and differentiation
(Locke et al., 2008). These interactions between epithelial
and subepithelial tissues hold a key role in tissue repair
(McKeown et al., 2003).

WOUND REPAIR MECHANISMS IN SKIN,
OESOPHAGUS, AND ORAL EPITHELIA

Skin Wound Healing Process
Mammalian epithelia are prepared to respond to assaults to
the normal tissue homeostasis, including physical, chemical and
biological stress that often result in wounding. Skin wound
healing response has been extensively studied giving cues to
what may also be happening in the process of wound healing
in other tissues.

Wound healing response begins right after injury and
comprises a series of coordinated events that make part of a
highly dynamic process. Although there are variations among
different species, the mammalian wound healing follows a
general pattern organised in four main phases: haemostasis,
inflammation, proliferation and remodelling. As a very tightly
regulated mechanism, minor changes could lead to impaired
healing (Gurtner et al., 2008; Shaw and Martin, 2009).

The first phase, haemostasis, is triggered by damaged blood
vessels leading to bleeding. At first, blood vessels constrict to
stop blood flow, platelets are activated and aggregate in order to
seal the ruptured blood vessel wall. Consequently, a fibrin clot
is formed to keep the platelets and blood cells in the wound
site. The clot holds a role as an initial matrix scaffold rich in
growth factors that will recruit cells for further wound healing
stages (Etulain, 2018). Platelets were also shown to produce
a positive effect on mouse skin wound healing by enhancing
the angiogenic potential of mesenchymal SCs (Levoux et al.,
2021). Upon activation, platelets release respiration-competent
mitochondria that are internalised by recipient mesenchymal
SCs, where it stimulates their metabolism to produce increased
levels of certain metabolites. Particularly citrate, which works as
the main fuel for de novo fatty acid synthesis that in turn increase
secretion of pro-angiogenic factors by mesenchymal SCs (Levoux
et al., 2021). The inflammatory phase of wounding response
starts with the recruitment of immune cells that travel to the
injury site in order to remove pathogenic microbes. Following
the platelets, neutrophils and monocytes, which differentiate
into macrophages, are recruited. These have been shown to also
participate in later phases of wound healing, contributing largely
to cytokines and growth factors secretion, which activates and
recruits other cells important for the wound healing process (Park
and Barbul, 2004). The proliferation phase of wound healing
comprises the rebuild of the wound site where new tissue is
generated. In skin, it starts from 2 to 10 days after injury and can
last for up to 3 weeks. This phase is characterised by abundant
formation of a highly vascularised granulation tissue through
deposition of ECM by fibroblasts (mainly composed of type
III collagen), replacing the fibrin matrix (Rognoni et al., 2018).
Keratinocytes and endothelial cells are recruited and activated
in the wound site, actively promoting re-epithelialisation and
neovascularization. Fibroblasts in the wound bed will transition
to an activated state, myofibroblasts, which will not only
contribute for ECM deposition but also to allow wound closure
through contraction (Hinz, 2007; Velnar et al., 2009; Darby
et al., 2014; Rognoni et al., 2018; DesJardins-Park et al., 2019).
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Importantly, in mice the presence of a thin muscular layer, the
panniculus carnosus, promotes skin contraction and union of the
wound edges; while human skin is devoid of this muscular layer
(Zomer and Trentin, 2018).

The last and longest phase of wound healing is the remodelling
phase which starts around week 3 and can last for up to more
than 1 year. During this phase the type III collagen is actively
remodelled to type I collagen by fibroblasts, macrophages and
endothelial cells, which secrete MMPs (Martins et al., 2013). This
rearrangement of collagen fibres allows the new skin area to
become stronger and reduces scar thickness over time; however,
the tensile strength of the wound area can only reach 80%
compared to unwounded tissue (Gurtner et al., 2008; Xue and
Jackson, 2015; Marshall et al., 2018; DesJardins-Park et al., 2019).
Recent findings highlighted the role of two fibroblast-expressing
transcription factors in wound healing impairment and scarring
of the skin: the cyclin-dependent kinase inhibitor p21 and the
gap junction alpha-1 protein Connexin43 (Jiang et al., 2020b;
Wan et al., 2021).

Wound healing in the oral cavity has a different timeline from
the skin. Epithelial cells start migrating and proliferating 24h
post wounding and, for wound areas up to 5mm, a complete
re-epithelialisation is reached by day 2 to 3 in oral mucosa,
while in skin it would take up to 7 days (Szpaderska et al.,
2003; Chen et al., 2010; Larjava, 2012; Glim et al., 2013;
Iglesias-Bartolome et al., 2018). Inflammation peaks at days 2
to 3 as well and is resolved by day 6 (Bodner et al., 1993;
Szpaderska et al., 2003; Iglesias-Bartolome et al., 2018). The
further proliferation phase takes place very early from day 2 to
7, being followed by the remodelling of collagen (Bodner et al.,
1993; Nikoloudaki et al., 2020).

The cellular and molecular mechanisms underlying
oesophageal wound healing have recently attracted attention.
Despite comparisons with gastric healing, the similarities to
the epidermis have also prompted studies to disclose possible
critical players in oesophageal response to wounding (Baatar
et al., 2002a,b; Chai et al., 2007; Tarnawski and Ahluwalia, 2012;
Jönsson et al., 2016; Tabola et al., 2016; Cai et al., 2018; Komaki
et al., 2019; Boudaka et al., 2020).

The Multifaceted Outcomes of Scarring
The regeneration of a skin wound will lead to fine scar
formation in superficial injuries. However, there are more
complex outcomes for scarring including widespread scars,
atrophic scars, scar contractures, hypertrophic scars, and keloid
scars (Karppinen et al., 2019). Hypertrophic and keloid scars are
pathological outcomes that come with devastating consequences
for patients, such as pain and itching. Hypertrophic scars are
lifted, erythematous, pruritic lesions confined to the wound
boundaries while keloids are benign fibroproliferative dermal
scars, growing beyond the wound margins (Bayat et al., 2003;
Brown et al., 2008; Karppinen et al., 2019). Given their quasi-
neoplastic tendencies, it has been argued that keloids should
be classified as a pathological disease rather than a scar (Ud-
Din and Bayat, 2020). Besides minor traumatic wounds and
acne, other cases can arise from clinical surgeries, chemical and
thermal burns or in consequence of allergic reactions. Self-harm

scarring and combat wounds also a matter of concern (Mitchell
et al., 2019; Johnson et al., 2020). The traumatic wounds in the
hostility of war context come with exposure of bone, ligaments
and tendons, as well as contamination, and the limited available
resources in conflict zones’ hospitals impede the treatment of
these wounds (Johnson et al., 2020).

On the one hand, skin scars carry long-term psychosocial
effects, including anxiety and avoiding social interaction. This
behaviour will interfere with future work life and relationships.
In some contexts, scars result from traumatising events and
bury a psychological meaning (Brown et al., 2008; Gibson et al.,
2018; Mitchell et al., 2019). On the other hand, while visible
skin scarring implies a social burden, oral and oesophagus
scarring result in difficulties swallowing food and weight loss
(Campos et al., 2020).

The fibrous tissues formed upon oesophageal injury are
named oesophageal strictures and are mainly a consequence
of various benign and malignant disorders. Some other causes
include radiation therapy and caustic ingestions. Peptic strictures
are caused by gastroesophageal reflux disease when stomach acid
damages the oesophagus epithelium over time (Yamasaki et al.,
2016). Stricture formation may result from extended endoscopic
mucosal resection and submucosal dissection, two techniques
used for treatment of superficial gastrointestinal neoplasia, gastric
cancer and superficial Barrett’s oesophagus (Yang et al., 2019;
Huang et al., 2020). The oesophageal stricture may be persistent
or recurrent despite application of several therapies. These
can cause complications such as solid and liquid dysphagia,
regurgitations or aspiration, abdominal and chest pain as well as
obstruction of the oesophagus (Ferguson, 2005).

Compared to the skin and oesophagus, the oral mucosa has
an exceptional regenerative ability, being much less prone to
scar formation. Despite owning this scar-free healing capacity,
there are some particular cases of scar formation. The mucosal
trauma applied by oral and perioral piercings may in some
rare cases cause complications. Moreover, the oral mucosa
may form a keloid or hypertrophic scar as a consequence of
medication or of systematic disease (Escudero-Castaño et al.,
2008). Additional scar formation may be a consequence of the
cleft lip, palate and gum reconstruction, as well as removal
of benign and malignant oral tumours (Goodacre and Swan,
2008; Chang et al., 2012; Fierz et al., 2013; Botticelli et al.,
2019). Some diseases are also associated with oral mucosal
fibrosis, including submucous fibrosis, pemphigus vulgaris and
cicatricial pemphigoid, lichen planus, epidermolysis bullosa and
proliferative verrucous leukoplakia (Evans, 2017). These can lead
to failure in normal growth and restricted oral aperture (Wright,
2010). The molecular mechanisms underpinning these changes
in oral wound healing are a subject of ongoing research.

The Outstanding Regenerative Potential
of Oral Mucosa – Scarless Wound
Healing
The only adult tissue with the potential to heal with minimal
scar formation is the oral mucosa. This capacity is comparable
to foetal skin scarless healing, occurring during the first and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2021 | Volume 9 | Article 682143340

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-682143 July 21, 2021 Time: 14:51 # 11

Pereira and Sequeira Oral Mucosa Regenerative Potential

second trimesters of pregnancy (Rowlatt, 1979; Colwell et al.,
2005; Karppinen et al., 2019). Several studies have evidenced that
oral mucosa heals faster than skin (Szpaderska et al., 2003; Mak
et al., 2009; Chen et al., 2010; Iglesias-Bartolome et al., 2018).
Studies exploring the mechanisms of oral repair have allowed to
point key differences responsible for the superior outcome when
compared to skin (Figure 4). The main differences are:

(1) Environment: the oral mucosa comes in contact with
a very different environment compared to skin. The
external factors such as saliva and the oral microbiota
have been shown to play a role in oral wound healing
(Hutson et al., 1979; Bodner et al., 1993; Su et al.,
2018). The oral microbiota was shown to affect wound
repair through secretion of lipopolysaccharides which
maintains oral mesenchymal SCs homeostasis via miRNA-
21/Sp1/telomerase reverse transcriptase pathway (Su et al.,
2018). Bacteria may accelerate wound healing with
beneficial effects in the immune response, granulation
tissue and collagen formation (Jones et al., 2004). The
positive role of saliva in wound repair has been explained by
it being composed of growth factors such as the epidermal
growth factor and peptides as histatins with antimicrobial
function, responsible for enhanced oral keratinocyte and
fibroblast migration. Therefore, saliva modulates oral and
eventually skin wound healing mediating the inflammatory
response (Figure 4; Zelles et al., 1995; Oudhoff et al., 2008;
Boink et al., 2016; Neves et al., 2019).

(2) Inflammation: the inflammatory response in oral wounds
was shown to be reduced and to be concluded earlier
than in skin wounds (Mak et al., 2009). In fact,
there is much evidence linking excessive fibrosis with
a strong inflammatory response to injury (Shaw et al.,
2010; Wang et al., 2015). The number of immune
cells such as neutrophils, macrophages and T cells in
oral wound response is reduced when compared to
skin, and linked with reduced levels of inflammatory
cytokines [as interleukin (IL)-23, IL-24, IL-6, IL-8, tumour
necrosis factor alpha (TNF-α)] and pro-fibrotic cytokines
[transforming growth factor β1 (TGF-β1)], leading to
decreased recruitment of inflammatory cells, and elevated
anti-fibrotic cytokine TGF-β3 (Szpaderska et al., 2003;
Schrementi et al., 2008; Chen et al., 2010; Glim et al.,
2013). The reduced inflammation observed in the oral
tissues during wound healing is a reflection of a tissue
with the right tools to respond more efficiently. The
local oral defences are constantly stimulated by the
commensal microbiota and mastication, which trigger
cellular crosstalk essential for homeostasis maintenance
(Moutsopoulos and Konkel, 2018; Caetano et al., 2021;
Williams et al., 2021). Another key immunosuppressive
population in the mouth is Foxp3+ regulatory T cells (Park
et al., 2018). Inflammatory response in the oral mucosa
can be significantly amplified in cases of chemotherapy
treatment or as a consequence of systemic conditions
involving autoimmune responses, as of lichen planus,
leading to increased probability of fibrotic tissue formation

(Roopashree et al., 2010; Park et al., 2018; Basile et al., 2019).
In fact the local oral tissue immunity can affect and be
affected by extra-oral diseases (Moutsopoulos and Konkel,
2018; Kitamoto et al., 2020).

(3) Angiogenesis: reduced angiogenesis could be expected to
impair healing, though some studies have proven that
inhibition of the angiogenic response in oral wounds is
linked to reduced scar formation (Szpaderska et al., 2003;
Wilgus et al., 2008). Angiogenesis can directly affect scar
formation through oedema, apoptosis and transition of
recruited pericytes to an activated fibroblast phenotype
(Dulmovits and Herman, 2012; Johnson and Di Pietro,
2013; DiPietro, 2016). Angiogenesis and the inflammatory
response act together as inflammatory cells release pro-
angiogenic molecules (vascular endothelial growth factor
(VEGF) and CXC chemokines) to promote capillary
growth, which in turn will support the inflammatory
response (Lucas et al., 2010; DiPietro, 2016).

(4) Keratinocyte proliferation: the oral epithelia present faster
re-epithelialisation (Szpaderska et al., 2003; Chen et al.,
2010; Glim et al., 2014). Oral keratinocytes present higher
proliferative potential and are less differentiated than
skin keratinocytes therefore contributing with a greater
regenerative potential (Glim et al., 2014; Turabelidze et al.,
2014; Iglesias-Bartolome et al., 2018).

(5) Fibroblasts: the major players of the proliferative phase
of wound healing are fibroblasts that are responsible for
collagen deposition and wound contraction, being critical
players in the process of scarring. Several studies have
investigated how different fibroblast lineages contribute to
oral and to skin wound healing (Rinkevich et al., 2015;
Gölz et al., 2016; Jiang et al., 2020a). Apart from the
Engrailed1-lineage-positive fibroblast subpopulation, the
study from Rinkevich and colleagues reports a Wnt1-
lineage-positive population in the oral dermis tightly linked
to the non-fibrotic healing that characterises the oral
mucosa. A reciprocal transplantation of these oral mucosal-
and skin-derived fibroblast populations performed in mice
revealed that these mimic the response of the tissue
of origin. Thus, the grafting of Wnt1-lineage-positive
oral fibroblasts in skin resulted in decreased scar tissue
formation while skin fibroblasts contributed for a scar-
like tissue formation in the oral wound site, proving
that the oral fibroblast lineage is determinant for the
scarless healing of the oral mucosa (Rinkevich et al.,
2015). Comparison between dermal and gingival fibroblasts
showed that the latter have increased in vitro proliferation,
migration and efficiency in remodelling connective tissue
(Chaussain et al., 2002; Boink et al., 2016; Isaac et al.,
2018), however contradictory results were reported in
regard to the contraction capacity of oral fibroblasts (Lygoe
et al., 2007; Mak et al., 2009). Recent studies in mice
revealed the contribution of subcutaneous fascia fibroblasts
to large deep skin wound healing through deposition of
matrix and further contraction into a more exuberant scar
matrix architecture (Correa-Gallegos et al., 2019). This
is mediated by migration and swarming to the surface
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involving N-cadherin-mediated cell-cell adhesion. Further
experiments with an ex vivo explant technique termed scar-
like tissue in a dish (SCAD) using oral mucosa (without
fascia) showed that swarming is absent and N-cadherin
is minimally expressed, agreeing with its typical scarless
healing phenotype (Jiang et al., 2020a).
Several studies explored the differential response of oral
and dermal fibroblasts to TGFβ1, a cytokine known to
mediate fibroblast to myofibroblast differentiation and up-
regulating the α-smooth muscle actin (αSMA) in these
cells. Oral fibroblasts were shown not only to express
higher basal levels of αSMA but also have higher number
of αSMA-positive myofibroblasts in oral mucosal wounds
(Lygoe et al., 2007; Mak et al., 2009). However, these were
shown to resist more to TGFβ1-controlled myofibroblast
differentiation, together with decreased levels of TGFβ1 in
oral wounds, and supporting its non-scarring phenotype
(Meran et al., 2007). This can be regulated by the
increased expression of the hepatocyte growth factor
(Dally et al., 2017).

(6) ECM: compared to cutaneous wounds, the ECM
composition of oral wounds diverges and is a key
determinant for the scarless phenotype. Oral wounds
showed increased expression of hyaluronic acid, tenascin
and fibronectin and decreased expression of elastin (Glim
et al., 2013, 2014. MMP mediate ECM remodelling and are
regulated by MMP tissue inhibitors. The balance between
these two molecules was shown to be important for the
final healing outcome. In oral wounds the ratio between
MMP and MMP tissue inhibitors is high, namely the levels
of MMP 2 and 3 (Stephens et al., 2001; Glim et al., 2013).
Also, the collagen III to collagen I ratio is increased in
oral wounds (Glim et al., 2013; Figure 4). The pro-fibrotic
matricellular protein periostin was recently shown to
be involved in ECM synthesis regulation in gingival
wound healing, while in skin it appears as a mediator of
myofibroblast differentiation through β1 integrin-focal
adhesion kinase (FAK) signalling (Nikoloudaki et al.,
2020). Another study related the activation of autophagic
pathways with an increase in myofibroblast differentiation
and noted heterogeneity within the oral cavity, namely
between buccal mucosa and gingiva. The gingival tissue
showed no autophagic process upon wound repair
therefore leading to less myofibroblast differentiation
when comparing to buccal mucosal tissue (Vescarelli et al.,
2017). It would be interesting to deepen our knowledge
on the different wound healing responses associated with
different tissues of the oral cavity. Overall, the surrounding
environment is capable of eliciting various responses
that contribute for the scarless potential of oral mucosa,
nevertheless, also inside the cells molecular differences can
be pointed between skin and oral mucosa.

(7) Molecular cues: transcriptomic analysis have uncovered
the molecular differences between skin and oral mucosal
wound healing (Chen et al., 2010; Turabelidze et al., 2014;
Iglesias-Bartolome et al., 2018). Healthy oral mucosa is
primed with transcriptional networks readily prepared to

respond to wounding, suggesting that the oral epithelia
is equipped with a specially prepared intrinsic genetic
response, particularly for cellular growth and proliferation
and inflammatory response (Turabelidze et al., 2014;
Iglesias-Bartolome et al., 2018). Importantly, the discovery
of key players in transcriptional networks directly working
for a scarless healing is of major importance. For instance,
the Sox2 and Pitx1 transcription factors were shown to
be the master regulators of the oral mucosal wound
healing response (Iglesias-Bartolome et al., 2018). However,
the intrinsic features playing to scarless healing are not
restricted to the protein coding genes; microRNAs were
differentially expressed between skin and oral wound
healing, highlighting that genetic and epigenetic response
of oral mucosa through growth factor production, SC levels
and cellular proliferation capacity gives this epithelium its
superior final repair (Simões et al., 2019).

To conclude, the ability of the oral mucosa to heal without
scarring cannot be attributed to a single feature but to key
extrinsic and intrinsic factors present in all stages of the wound
healing process, which are crucial to the final improved outcome.

EXPORTING THE PROPERTIES OF ORAL
EPITHELIA – THE SOURCE FOR FUTURE
THERAPIES IN WOUND REPAIR?

Improving wound healing in skin is an unmet need. Chronic skin
wounds have devastating consequences for patients and treating
chronic wounds costs the UK National Health Service £5 billion
per annum (Guest et al., 2015). Development of more efficient
wound treatments is urgently needed to increase the quality of
life of patients and to effectively reduce healthcare costs.

Reconstruction of skin or oral mucosal tissues using tissue-
engineering methods resembles wound healing processes. It
requires active SCs, epithelial proliferation, epithelial and
fibroblast cell migration and ECM production, all processes
coordinated to regenerate the new 3D tissue with similar
properties and functions.

A large number of studies have been exploring SC therapies
to improve skin regeneration. A major breakthrough recently
published has used autologous transgenic skin epithelial cultures
to regenerate an entire, fully functional epidermis from a patient
with an epidermolysis bullosa disease caused by a mutation in
laminin 332 usually expressed in skin’s basement membrane
(Hirsch et al., 2017). Using retrovirus bearing healthy copies of
the needed gene, LAMB3, epithelial cells from the patient were
corrected, expanded in culture and grafted back to the patient. By
combining cell and gene therapy, this clinical study demonstrated
a life-saving regeneration of virtually the entire epidermis. This
study inspires the use of other tissues for skin regeneration. Oral
mucosal cells present advantages over skin cells in therapeutic
applications due to their unique scarless properties and are an
easy source to harvest reducing time for surgical procedures and
accelerating patient’s recovery time (Izumi et al., 2015; Chapple,
2020). However, the direct use of mucosal grafts comes with
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FIGURE 4 | Key factors contributing for scarring and scarless wound healing. The comparison of the inflammatory and proliferation phases (Top) and the
remodelling phase (Bottom) of wound healing highlight crucial factors that notably contribute to the distinct healing outcome of skin (with scar formation) and oral
mucosa (scarless).

various disadvantages associated with availability of sufficient
amount of donor tissue as well as other graft-associated problems,
such as donor site morbidity, recipient site, pain and risk of
infection (Llames et al., 2014). To overcome these problems, the
clinical use of tissue-engineered oral mucosa (TEOM) is the most
adopted method (Figure 5).

TEOMs are based on a scaffold matrix that provides structural
support for the cells to seed, or as a scaffold used to deliver
drugs or growth factors directly into the injured tissue, upon

transplantation. The key factors are the optimal choice of the
scaffold and the cells to seed. Collagen scaffolds are the golden
standard, but advances in tissue engineering are proposing other
synthetic scaffolds such as biodegradable hydrogels, as well as
decellularised dermis (Figure 5). TEOM is a potential technique
to reconstruct the oral cavity after tumour excision or after injury,
and to repair congenital defects, such as cleft palate. Furthermore,
it is a great model for in vitro testing of oral care products
efficiency and safety, for evaluating cigarette smoke effects and
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FIGURE 5 | Schematic representation of the current work on wound healing improvement using oral mucosa. The oral mucosa represents a valuable source of
different components that translates into different routes of exploration and expansion of its unique healing potential. Through different techniques these components
can be applied to different tissues such as the oral mucosa itself, the skin and the oesophagus.

to analyse cellular and molecular mechanisms of infection in the
oral cavity (Chen et al., 2020; Wang et al., 2020; Zhong et al., 2020;
Huang et al., 2021).

The TEOM explores the outstanding regenerative potential
of the oral mucosal to reconstruct the oral cavity itself or in
other tissues of the body. The following subchapters cover pre-
clinical and clinical studies on the use of the oral mucosal tissue
to improve the healing outcome of other intra- and extra-oral
tissues (Tables 1, 2).

Exploring the Use of Oral Mucosa for
Oral Tissue Repair
The human clinical application of oral mucosal scarless
potential and exceptional properties for repair is still scarce,
however the number of case reports and pilot studies has
been growing (Figure 5 and Table 1). TEOM produced
ex vivo from autologous keratinocytes from the hard palate
or gingiva were successfully used for reconstruction of intra-
oral lining tissues and periodontal plastic surgeries (Lauer
and Schimming, 2001; Izumi et al., 2003; Hotta et al., 2007),
while full-thickness TEOM combined with fibula flap allowed
for the lining reconstruction of maxilla and mandible (Gil
et al., 2015). Other cases of congenital anomalies such as
hemifacial microsomia, ankyloglossia (tongue-tie) and cleft
palate were treated with TEOM yielding satisfactory outcomes
(Llames et al., 2014; Hixon et al., 2019). The use of TEOM
to repair mucogingival defects demonstrated its capacity to
integrate and vascularise (Izumi et al., 2013), however this
technique still needs to be improved to avoid postoperative
wound shrinkage.

The buccal fat pad flap is reported to be a reliable and
effective flap with clinical application in reconstruction of oral
defects due to its high vascularity, reducing tissue hypoxia and
improving graft survival. This has been used to treat oroantral
fistula, congenital defects such as the cleft palate, osteonecrosis
of the jawbone and defects induced by removal of tumours
or cysts (Egyedi, 1977; Ashtiani et al., 2011; Kim et al., 2017;
Yaguchi et al., 2021).

The clinical use of oral-derived SCs is still limited. Oral
SCs have been derived from dental pulp, periodontal ligament,
exfoliated deciduous teeth, apical papilla, dental follicle, gingiva,
oral mucosa, salivary glands and alveolar bone (Kanwal et al.,
2017; Bryja et al., 2019; Sanz et al., 2019). The work with
oral SCs for hard and soft tissue regeneration within the oral
cavity has focused on the use of oral SCs for reconstructing
periodontal, bone, dentin and pulp tissues (Seo et al., 2004;
Feng et al., 2010; Giuliani et al., 2013; Shiehzadeh et al., 2014;
Surendran and Sivamurthy, 2015; Chen et al., 2016; Kanwal
et al., 2017). Human gingival and mouse palatal epithelial
cells were used to develop teeth in combination with mouse
embryonic tooth mesenchyme following transplantation into
renal capsules (Nakagawa et al., 2009; Volponi et al., 2013).
The combination of human oral epithelial cells and dental pulp
SCs using a matrigel as scaffold allowed the 3D construction
of an epithelial invagination model, an important feature of
early tooth development (Xiao and Tsutsui, 2012). Furthermore,
human salivary gland-derived SCs were used to restore saliva
production after radiation of salivary glands, opening doors for
the treatment of hyposalivation resulting from head and neck
cancer radiotherapy (Pringle et al., 2016).
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TABLE 1 | Clinical application of cellular therapy using human oral mucosa cells to regenerate oral tissues or other recipient tissues.

Intra-oral

Cell type Method Donor tissue Recipient tissue Outcome Reference(s)

Keratinocytes TEOM Hard palate Tongue (intra-oral wound) Improved tissue adhesion, speech
and tongue mobility

Lauer and
Schimming, 2001

Keratinised oral mucosa on
human dermis (AlloDerm R©)

Tongue, alveolar gingiva, buccal
mucosa, floor of mouth and
Oropharyngeal mucosa

No postoperative pain, excellent
adhesiveness and good epithelial
coverage

Izumi et al., 2003

Gingiva keratinocytes on
human dermis (AlloDerm R©)

Tongue, gingiva, buccal
mucosa and alveolar ridge

Faster healing, negligible scar
contracture

Hotta et al., 2007

Hard palate keratinocytes
on human dermis
(AlloDerm R©)

Gingiva Good adhesiveness, increased
gingival tissue

Izumi et al., 2013

Keratinocytes and
fibroblasts

TEOM Buccal mucosa Tongue Good mobility of tongue,
satisfactory speech, residual
fibrosis

Llames et al., 2014

Palatal mucosa Fibula flaps for maxillary and
mandibular reconstruction

Granulation tissue formation in one
patient, good restoring outcome

Gil et al., 2015

Fat pad Grafting Buccal fat Posterior alveolus and hard
palate

Full recovery Egyedi, 1977

Buccal fat Mid-palatal and posterior
palatal fistulas

Full recovery Ashtiani et al., 2011

Buccal fat Palatal fistulas Full recovery Yaguchi et al., 2021

Fibroblasts Injection Gingiva Gingiva Test treatment improved papillary
tissue augmentation

McGuire and
Scheyer, 2007

Scaffold Gingiva Gingiva Increased gingival width,
keratinised epithelium supported by
dense connective tissue

Mohammadi et al.,
2011

Gingiva Gingiva Efficient gingival augmentation Dominiak et al.,
2012

Extra-oral

Epithelial flap TEOM Buccal mucosa Trachea Faster healing, buccal mucosa and
fascia form an optimised tissue
combination

Delaere et al., 2001

Keratinocytes TEOM Buccal mucosa Eye Vision restored, no complications Nishida et al., 2004

Lip Skin (scalp) 30% success of engraftment due to
local infection

Iida et al., 2005

Buccal mucosa Oesophagus Effective re-epithelialisation, no
dysphagia or stricture formation

Ohki et al., 2012

Buccal mucosa Oesophagus Safe, reduced risk for post-ESD
stricture formation

Jonas et al., 2016

Buccal mucosa Oesophagus Short post-ESD ulcer healing
period, successful cell sheet
fabrication,
transport and transplantation.

Yamaguchi et al.,
2017

Lingual tissue Grafting Ventrolateral tongue Urethra Good success rates of
reconstruction of short strictures,
combination with buccal mucosa
for longer grafts

Simonato et al.,
2008

Buccal mucosal
cells

TEOM Buccal mucosa Urethra Safe and effective anterior
urethroplasty

Barbagli et al.,
2018

Comparison of the outcomes according to the tissue of origin, the therapeutic method used and the recipient tissue. TEOM, tissue-engineered oral mucosa; ESD,
endoscopic submucosal dissection.
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TABLE 2 | Pre-clinical studies with oral mucosa.

In vivo

Species Cell type or
component

Method Donor tissue Recipient tissue Outcome Reference(s)

Mouse SCs Injection Deciduous teeth Skin Accelerated wound healing Nishino et al., 2011

Keratinocytes Topical application Human gingiva Skin Rapid re-epithelialisation Kim et al., 2013

Fibroblasts Injection Buccal mucosa Skin Reduced scarring,
lineage-dependent
behaviour

Rinkevich et al.,
2015

SC/progenitor cells Salisphere cell
transplantation

Human
submandibular
salivary gland

Mouse
submandibular
salivary gland

Rescue of saliva production Pringle et al., 2016

Keratinocytes and
fibroblasts

TEOM Oral mucosa
(non-specified)

Skin Faster wound healing,
reduced scarring

Roh et al., 2017

miRNA-31 mimic Injection Hard palate Skin Significant acceleration of
wound closure

Chen et al., 2019

Keratinocytes and
fibroblasts

TEOM Human oral
mucosa

Skin Accelerated wound healing,
reduced scarring

Lee et al., 2019

Exosomes Injection Human saliva Skin Efficient wound healing
through promotion of
angiogenesis

Mi et al., 2020

SCs Injection Oral mucosa
(non-specified)

Skin Accelerated wound healing Kuperman et al.,
2020

Rat Keratinocytes TEOM Oral mucosa
(non-specified)

Uterus Highly effective against
intrauterine adhesions

Kuramoto et al.,
2015

Keratinocytes and
fibroblasts

pre-vascularized TEOM Oral mucosa
(non-specified)

Buccal mucosa Accelerated and more
efficient healing

Lee et al., 2017

Exosomes Hydrogel topical
application

Human gingival
mesenchymal SCs

Skin Promotion of
re-epithelialisation,
deposition and remodelling
of ECM

Shi et al., 2017

Keratinocytes and
fibroblasts

TEOM Buccal mucosa Skin Accelerated wound healing,
reduced scarring

Lee et al., 2018

Dental pulp SCs Injection via tail vein Upper and lower
incisors

Oesophagus Improved healing Zhang et al., 2018

EGF, HA, bFGF and
lysozyme

Biomimetic hydrogel Commercial Skin Accelerated wound healing,
reduced scarring

Kong et al., 2019

Mucosal tissue Grafting Tongue Skin Lower levels of EGF and
VEGF-C

Qi et al., 2019

Exosomes Topical application Human buccal
epithelial cell sheets

Skin Significant acceleration of
wound closure

Sjöqvist et al., 2019

Dog Keratinocytes TEOM Buccal mucosa Oesophagus Complete faster wound
healing, no stenosis

Ohki et al., 2006

Keratinocytes and
fibroblasts

TEOM Oral mucosa
(non-specified)

Oesophagus Good distensibility and
epithelial thickness,
successful oesophageal
replacement

Nakase et al., 2008

Keratinocytes TEOM Buccal mucosa Oesophagus Successful attachment and
re-epithelisation

Takagi et al., 2010

Rabbit Dental pulp SCs TEOM Human deciduous
teeth

Eye Corneal reconstruction Gomes et al., 2010

Keratinocytes TEOM Buccal mucosa Urethra Urethroplasty
reconstruction

Yudintceva et al.,
2020

Goat Epithelial graft Grafting Oral mucosa
(non-specified)

Trachea Coverage of the
constructed trachea lumen

Li et al., 2019

Pig Keratinocytes Injection Buccal mucosa Oesophagus Improved re-epithelisation,
reduced risk of stenosis
and contraction

Sakurai et al., 2007

(Continued)
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TABLE 2 | Continued

In vitro

Species Cell type Method Donor tissue Outcome Reference(s)

Human Keratinocytes TEOM Gingiva Fabrication of oral
mucosal equivalent
similar to the native
tissue

Yoshizawa et al., 2004

Fibroblasts Reprogramming Buccal mucosa Efficient reprogramming
into induced pluripotent
SCs

Miyoshi et al., 2010

Keratinocytes TEOM Cryopreserved lip
mucosa

Successful fabrication
of oral mucosa
equivalents

Xiong et al., 2010

Fibroblasts Low-level laser therapy Cell line Increased cell number
and migration

Basso et al., 2012

Keratinocytes TEOM Lip Fabrication of 3D
human lip skin
equivalent

Peramo et al., 2012

Keratinocytes TEOM Keratinised oral
mucosa

Development of large
TEOM

Kato et al., 2015

Fibroblasts and
immortalised
OKF6/TERET-2 oral
keratinocytes

TEOM Gingiva Development of 3D
bone-oral mucosa
model

Almela et al., 2016

Fibroblasts Feeder cells Gingiva Improved cell
proliferation, promising
candidate feeder cells

Yu et al., 2016

Fibroblasts In vitro differentiation,
feeder cells

Oral mucosa
(non-specified)

Fabrication of corneal
epithelial sheets,
multipotent
differentiation into
mesenchymal or neural
crest-derived cells,
good source of feeder
cells

Higa et al., 2017

Keratinocytes and
fibroblasts

Scaffolds Buccal mucosa Tri-layer micro-nano-3D
porous synthetic
scaffold mimics normal
human oral mucosa,
minimal contraction,
good mechanical
properties

Simsek et al., 2018

Keratinocytes and
fibroblasts

TEOM Gingiva Development of 3D
epithelium and lamina
propria

Nishiyama et al., 2019

Pig Keratinocytes TEOM Buccal mucosa Culture on acellular
scaffolds

Poghosyan et al., 2013

Dog Keratinocytes TEOM Buccal mucosa Successful
construction of TEOM
with adipose derived
SCs and small intestine
submucosa

Zhang et al., 2021

Comparison of the outcomes according to the animal species, the cell type or non-cell component, the method used and the recipient tissue. TEOM, tissue-engineered
oral mucosa; EGF, epidermal growth factor; HA, hyaluronic acid; bFGF, basic fibroblast growth factor; VEGF-C, vascular endothelial growth factor C.

Several clinical studies explored the potential of using oral
mucosal fibroblasts for gingival tissue augmentation. Autologous
gingival fibroblasts seeded in different scaffolds improved
keratinised tissue formation (Mohammadi et al., 2011; Dominiak

et al., 2012). Additionally, the injection of autologous fibroblasts
harvested from keratinised tissue from the maxillary tuberosity
in interdental papillary recession defects improved the papillary
tissue augmentation (McGuire and Scheyer, 2007; Table 1).
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In addition to clinical studies, in vitro and in vivo research
is progressing with more viable alternatives (Table 2). A large
size ex vivo fabricated oral mucosal equivalent was successfully
achieved using higher cell seeding density of oral keratinocytes
and a thinner AlloDerm scaffold, reaching a final 15cm2 size,
which can be applied in the reconstruction of significant
soft tissue defects (Kato et al., 2015). Cryopreservation of
abundant lip mucosa tissues harvested upon cleft lip repair
proved to be a useful approach to biobank oral keratinocytes
for TEOMs. The 4- to 6-month cryopreservation did not
affect the characteristics of the TEOM when compared
with the equivalents engineered from fresh lip and palate
(Xiong et al., 2010). Furthermore, pre-vascularised oral
mucosal cell sheets grafted into deep wounds in the buccal
region of rats healed more rapidly and without fibrosis
(Lee et al., 2017).

Using cell surface coating through layer-by-layer assembled
ECM films succeeded in creating the 3D oral mucosal equivalents
composed of epithelium, lamina propria and blood capillaries,
recreating the tissue cellular heterogeneity (Nishiyama et al.,
2019). Furthermore, the in vitro incorporation of oral mucosa
and bone components in a composite scaffold model that mimics
the natural structure of alveolar bone with an overlying oral
mucosa was achieved and is a possible future application in cleft
palate repair (Almela et al., 2016; Hixon et al., 2019).

Oral mucosal fibroblasts were recently reprogrammed into
induced pluripotent SCs (Miyoshi et al., 2010) and were shown
to be efficient feeders for induced pluripotent SCs expansion
(Yu et al., 2016; Figure 5). This represents a promising tool for
ex vivo cell expansion.

Recent technologies have been exploring the use of cell-free
therapies for oral maxillofacial regeneration, particularly the use
of extracellular vesicles (Figure 5; reviewed in Lv et al., 2019; Shi
et al., 2020). This technology overcomes the shortcoming of cells
and instead explores the cell paracrine effects that can activate
endogenous repair pathways (Jiang et al., 2017; Zheng et al., 2018;
Ren, 2019). As in TEOMs, it remains important to consider
the origin and the differentiation status of the secreting
cells to guarantee not only improved outcome but also safe
clinical applications.

Exploring Oral Mucosal Properties to
Improve Skin and Oesophageal Repair
It is well known that adult skin wounds are frequently
accompanied by scar formation that can become fibrotic, while
oral mucosal wounds heal in an accelerated fashion, displaying
minimal scar formation (see section “Wound Repair Mechanisms
in Skin, Oesophagus, and Oral Epithelia”). While surgical
reconstruction of the oral cavity with skin grafts has been easily
and routinely accomplished for a long time, particularly after
tumour resection, the clinical application of oral mucosa grafts
into skin has been less explored (Schramm and Myers, 1980;
Schramm et al., 1983; de Bree et al., 2008). However, exploring
the scarless potential of the oral mucosa offers an exciting strategy
to accelerate skin wound healing and to improve the quality of
life for patients with chronic wounds. There have been promising

studies around this topic, but few clinical studies. Iida and
colleagues used TEOMs based on an acellular allogeneic dermal
matrix grafted into scalp skin with extensive deep skin burn
showing 30% of the graft efficacy (Iida et al., 2005; Table 1).

In vitro studies have demonstrated the potential of
oral mucosal fibroblasts, to improve wound healing after
biostimulation with low-level laser therapy (Basso et al., 2012).
A recent study by Kong and colleagues engineered a biomimetic
gel inspired by the characteristics of oral mucosal wound healing.
The hydrogel was loaded with epidermal growth factor, basic
fibroblast growth factor, lysozyme and hyaluronic acid, as
these were observed to be highly expressed in the oral mucosal
wound healing when comparing to skin (Kong et al., 2019).
The authors were able to simulate the oral mucosal trauma
microenvironment through controlled release of these molecules
resorting to microspheres and chitosan thermo-sensitive gels.
The use of this biomimetic hydrogel in skin wounds of rats
resulted in rapid wound healing and reduced scar formation
(Kong et al., 2019).

As for pre-clinical studies, topical grafting of human oral
keratinocytes onto skin wounds in nude mice improved
regeneration of skin wounds, with increased production of
keratinocyte growth factor and cytokines IL-6, and IL-1α

(Kim et al., 2013).
SCs from human exfoliated deciduous teeth and oral mucosa

were shown to improve skin wound healing in mice when
injected around the wound or topically applied onto the wound
bed highlighting the plasticity of different SC types that could
be used to regenerate skin (Nishino et al., 2011; Kuperman
et al., 2020). Other studies have explored the potential of oral
mucosal engineered cell sheets to apply on skin excisional and
burn wounds. All reported results indicated the plasticity of the
cell sheets in adapting to the skin wounds, the contribution to
accelerated healing and limited scar formation (Roh et al., 2017;
Lee et al., 2018, 2019).

The implementation of recent knowledge in the prevention
of oesophageal stricture after endoscopic submucosal dissection
has attracted increasing attention. Autologous oral mucosal
keratinocytes were endoscopically implanted after oesophageal
resection in a porcine model, resulting in accelerated re-
epithelialisation and wound healing (Sakurai et al., 2007). On a
“bench to bedside” approach, tissue-engineered autologous
oral epithelial cell sheets and full-thickness substitutes
were endoscopically transplanted into an oesophageal ulcer
immediately after a large endoscopic submucosal dissection,
showing excellent results with no cases of dysphagia or stricture
formation (Ohki et al., 2006, 2012, 2015; Arakelian et al.,
2018; Ohki and Yamamoto, 2020). The first clinical trial
using cell sheet technology for oesophageal reconstruction in
Europe used cell sheets from autologous oral epithelial cells,
transplanted right after endoscopic submucosal dissection of
Barrett’s neoplasms, resulting in decreased risk and extent
of strictures (Jonas et al., 2016). On a canine model, the
replacement of the full-circumference and full-thickness
intrathoracic oesophagus was achieved using autologous oral
keratinocytes and fibroblasts seeded on amniotic membrane,
sheeted on polyglycolic acid filled with smooth muscle tissue
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(Nakase et al., 2008), a technique later also achieved without
animal-derived materials that could compromise future human
clinical trials (Takagi et al., 2010). On a porcine model, an
in vitro engineered oesophageal substitute was obtained with
an acellular small intestinal submucosa scaffold seeded with
autologous skeletal myoblasts, covered with a human amniotic
membrane and seeded with autologous oral epithelial cells
(Poghosyan et al., 2013).

Other non-cellular-based approaches have also emerged
which explore the benefits of oral microRNA and exosomes for
skin and oesophageal wound repair (Shi et al., 2017; Chen et al.,
2019; Sjöqvist et al., 2019; Mi et al., 2020).

Finally, an interesting and challenging study tested the
safety and feasibility of transplanting engineered autologous oral
mucosal cell sheets in patients who had undergone extensive
endoscopic submucosal dissection for oesophageal squamous cell
carcinoma removal. The challenge of this study was the use
on non-autologous cell sheets produced 1200km away from the
patients that were transported by air for 7h before transplantation
(Yamaguchi et al., 2017). Such studies are of major relevance
when thinking about future tissue-engineering therapies reaching
remote hospitals with no tissue engineering facilities, or hospitals
in conflict zones.

Exploring the Use of Oral Mucosa for the
Repair of Other Tissues
The use of oral mucosa to improve wound healing in other tissues
has taken its first steps with successful applications in the clinical
field, such as in urethral reconstruction and stricture repair
through grafting, with recent research focused on improving the
TEOM for better outcomes (Simonato et al., 2008; Barbagli and
Lazzeri, 2015; Horiguchi, 2017; Barbagli et al., 2018; Simsek et al.,
2018; Chapple, 2020; Yudintceva et al., 2020; Zhang et al., 2021).
The advantages of using buccal mucosa instead of other donor
sites, such as skin, are the fact that the buccal mucosa is a non-
keratinised squamous epithelium that lacks hair (Figure 1) and
has low associated morbidity and short harvest time.

Tissue-engineered cell sheets of autologous oral epithelial
cells alone, or combined with other tissues have been used
for ocular diseases treatment, including eyelid and corneal
reconstructions (Nishida et al., 2004; Yoshizawa et al., 2004;
Oliva et al., 2020; Sasaki et al., 2020). Using an in vivo
rabbit model of total limbal SC deficiency, dental pulp SCs
were used in a tissue-engineered cell sheet for ocular surface
reconstruction (Gomes et al., 2010) highlighting the plasticity
of these cells. Furthermore, oral mucosal fibroblasts containing
neural crest-origin cells showed plasticity in differentiating into
mesenchymal and neural cell lineages, being proposed as an
autologous cell source for establishing human corneal epithelial
cell sheets suitable for corneal regeneration (Higa et al., 2017).
Other applications of the oral mucosa comprise the treatment
of tracheal defects (Delaere et al., 2001; Li et al., 2019) and
prevention of intrauterine adhesions caused by endometrial
damage (Kuramoto et al., 2015).

While in full-thickness skin transplant into the oral cavity
(to reconstruct tongue or buccal mucosa), the recipient organ

keeps characteristics of the donor tissue (Vural and Suen, 2000;
Sebastian et al., 2008; Amin et al., 2011; Aslam-Pervez et al.,
2018), there is mounting evidence that grafted epithelial cells can
adopt the phenotype of the recipient tissue, stressing the plasticity
of these cells and the importance of the underlying connective
tissue and fibroblasts to determine epithelial cells phenotype.
Recent animal work has successfully grafted oesophageal tissue
into skin demonstrating that when exposed to the adult skin
dermis, oesophageal epithelial cells transition to a skin identity
following a cell fate conversion process (Bejar et al., 2021). This
highlights how the stromal cells influence the final epithelial
phenotype in a homeostatic tissue. However, this is a topic
of much controversy and variability of results over the years,
especially when considering clinical and in vivo applications
(Billingham and Silvers, 1967; Mackenzie and Hill, 1984; Luca
et al., 1990; Katou et al., 2003). Whether the epithelium is
transplanted alone or with subepithelial tissue as full thickness
flaps, or applied as single-cell suspensions of fully differentiated
cells or stem cells alone might contribute for the observed
heterogenous responses. Additionally, the majority of these
events lack a more in depth study of the molecular mechanisms
driving the final outcomes. Nonetheless, we can’t discard the
intrinsic identity and programmes that epithelial and fibroblastic
cells carry themselves, which differ between oral mucosa and
skin (Turabelidze et al., 2014; Rinkevich et al., 2015; Iglesias-
Bartolome et al., 2018). This heterogeneity could as well explain
the predisposition of a tissue to resemble the origin characteristics
or to be more influenced by the recipient. Regardless, the studies
presented in this final chapter highlight a very promising venue
for using these intrinsic cellular properties into other tissue
wounds, mainly through improved in vitro tissue engineering.

CONCLUSION

Techniques to improve skin wound healing are currently under
development and are an unmet need, particularly following
large burns and war injuries, where treatment is still primarily
performed by split-thickness skin grafting and accompanied by
problems associated with limited donor tissue, pain and scarring
(Singh et al., 2015; Connolly et al., 2016).

Mounting evidence over the last two decades has
demonstrated a remarkable plasticity in adult epithelial cell
fate while in in different niches, leaving behind the concept
of strict SC fates (Bonfanti et al., 2010; Blanpain and Fuchs,
2014; Chacón-Martínez et al., 2018; Yuan et al., 2019). While
epithelial cells and fibroblasts reciprocal grafting have dissected
their contribution to wound healing, the plasticity of these cells
in the new microenvironment and their cellular behaviour need
further investigation. There is an exciting future for collaborative
efforts to understand the heterogeneity and plasticity between
these tissues and yet their common features and the mechanisms
behind the cell fate conversion, in order to improve the use of
heterotypic transplants for future therapeutic strategies.

In this review, we elucidate the intrinsic properties that prime
the oral mucosa with scarless wound healing response. Lessons
should be learned from the oral mucosa to apply on other
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tissues, exploring these unique properties in future innovative
therapies combining cell therapy with bioengineering to prevent
pathologies associated with impaired wound healing and scar
formation in both skin and oesophagus.
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Teeth play essential roles in life. Their development relies on reciprocal interactions
between the ectoderm-derived dental epithelium and the underlying neural crest-
originated mesenchyme. This odontogenic process serves as a prototype model for the
development of ectodermal appendages. In the mouse, developing teeth go through
distinct morphological phases that are tightly controlled by epithelial signaling centers.
Crucial molecular regulators of odontogenesis include the evolutionarily conserved Wnt,
BMP, FGF and sonic hedgehog (Shh) pathways. These signaling modules do not act on
their own, but are closely intertwined during tooth development, thereby outlining the
path to be taken by specific cell populations including the resident dental stem cells.
Recently, pivotal Wnt-Shh interaction and feedback loops have been uncovered during
odontogenesis, showing conservation in other developing ectodermal appendages. This
review provides an integrated overview of the interplay between canonical Wnt and Shh
throughout mouse tooth formation stages, extending from the initiation of dental placode
to the fully formed adult tooth.

Keywords: tooth, Wnt, β-catenin, sonic hedgehog (Shh), odontogenesis, stem cells

INTRODUCTION

Mouse Tooth Development
Mouse tooth development initiates around embryonic day 11 (E11), when localized epithelial
thickenings in the oral ectoderm form and establish the molar and incisor dental placodes at E11.5
(Figure 1). Subsequently, the dental epithelium proliferates and invaginates into the underlying
mesenchyme which condenses around the epithelium to form the tooth bud (E12.5–E13.5). Over
the following days, the epithelium continues to extend around the dental mesenchyme, thereby
forming a cap (visible at E13.5–E14.5) and later a bell shape (E15.5–E18.5). During the bud-to-
cap transition, the developing molar and incisor tooth germs essentially require signals from the
primary enamel knot (pEK), a transient signaling center located in the dental epithelium (Jernvall
et al., 1994). This pEK, morphologically distinct with densely packed non-dividing (G1-phase) cells,
is characterized by expression of the cyclin-dependent kinase inhibitor p21 (Cdkn1a) and secretion
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of a variety of signaling molecules, in particular members of
the sonic hedgehog (Shh), wingless-type MMTV integration site
(Wnt), fibroblast growth factor (FGF), and bone morphogenetic
protein (BMP) families, that affect the surrounding epithelium
and mesenchyme (Ahrens, 1913; Jernvall et al., 1994, 1998;
Vaahtokari et al., 1996; Thesleff and Sharpe, 1997).

Although the pEK was the first signaling hub to be discovered
during odontogenesis, an earlier signaling center is already
established upon invagination of the dental placode (E11.5),
termed the initiation knot (IK). First described in incisors
(Ahtiainen et al., 2016) and only recently in molars (Mogollón
et al., 2021), the IK consists of non-mitotic (G1-phase) Cdkn1a-
expressing cells, thus comparable to the pEK. Moreover, identical
signaling molecules were found in pEK and IK (Ahtiainen et al.,
2016; Mogollón et al., 2021). Whereas the pEK is crucial for
the bud-to-cap transition, the IK is thought to play a key role
in the preceding placode-to-bud progression. Mice lacking Eda
(Tabby mice), which encodes a transmembrane protein of the
tumor necrosis factor (TNF) family and an important regulator
of tooth size and shape (Grüneberg, 1965; Pispa et al., 1999),
show a reduced IK size leading to smaller tooth buds (Ahtiainen
et al., 2016). Interestingly, IK cells do not generate or contribute
to the pEK which instead forms de novo (Ahtiainen et al., 2016;
Mogollón et al., 2021).

In response to signals from the pEK, the dental epithelial
tissue elongates transversely (molars) or longitudinally (incisors),
thus extending into and around the underlying mesenchyme and
forming the cervical loops (CLs) on both sides of the condensed
mesenchyme, now referred to as the dental papilla (Figure 1A).
Whereas molar CLs grow symmetrically around the papilla,
incisor CLs extend unevenly along the labial-lingual axis, forming
a smaller slow-growing lingual CL (liCL) and a larger labial CL
(laCL) which continues to grow throughout incisor development
as well as adult life (Yu and Klein, 2020).

At the end of the cap stage, the pEK of both incisors and
molars undergoes apoptosis (Jernvall et al., 1998). In monocuspid
teeth (such as incisors) the pEK is not replaced, whereas in
multicuspid teeth (such as molars) the pEK is substituted by
secondary EKs (sEKs) at the bell stage (E15.5) which determine
the position and number of the tooth cusps (Figure 1A)
(Jernvall et al., 1998; Jernvall and Thesleff, 2012). Recently,
it has been demonstrated that some molar pEK cells escape
apoptosis and contribute to sEK formation, an idea long disputed
previously (Matalova et al., 2005; Ahtiainen et al., 2016; Du
et al., 2017; Mogollón et al., 2021). Together, the successive stages
in tooth development appear strongly guided by succeeding
signaling centers.

During the transition from cap to bell stage, the epithelium
folds, and is further compartmentalized into morphologically and
functionally distinct inner and outer enamel epithelia (IEE and
OEE, respectively). The IEE lies adjacent to the dental papilla,
while the OEE is located in the periphery of the future enamel
organ (Figure 1A). The zone of epithelial cells sandwiched
between the IEE and OEE composes the stellate reticulum (SR),
which is uniquely vascularized (Shadad et al., 2019).

Following further invagination and elongation of the CLs into
the dental mesenchyme, the crown and root are established, and

the dental epithelial and mesenchymal cells further differentiate.
These differentiation processes are dependent on intimate
epithelial-mesenchymal interplay. Under influence of the IEE,
the mesenchyme differentiates into odontoblasts that produce
dentin, while the mesenchyme directs the IEE into differentiation
toward ameloblasts that produce enamel (Figures 1A–C). The
OEE forms the junctional epithelium bridging the tooth surface
and oral mucosa (Figures 1B,C).

In molars, the CLs elongate apically into the underlying
mesenchyme to form Hertwig’s epithelial root sheath (HERS),
a transient bilayer structure involved in epithelial-mesenchymal
interactions necessary for tooth root formation and sandwiched
in between the dental pulp and follicle (Figure 1A) (Li et al., 2015,
2017). In the mouse incisor, as different from the molar, the laCL
contains epithelial stem cells which persist and drive continuous
tooth growth throughout life, and the root analog and HERS are
restricted to the liCL side (Yu and Klein, 2020). Eventually, HERS
disintegrates, and the remaining epithelial cells become dispersed
throughout the dental follicle, a thin cell layer ensheathing
the developing root, thereby establishing the epithelial cell
rests of Malassez (ERM) (Figures 1A–C). In addition to the
ERM, the dental follicle also contains mesenchymal cells and
extracellular matrix and forms the interface between the tooth
root and adjacent bone. Collectively, the dental follicle and
HERS/ERM contribute to tooth root formation, tooth eruption,
cementum production, periodontal ligament (PDL) formation
and anchorage of the tooth in the alveolar bone.

Tooth development is tightly controlled by multiple
evolutionarily conserved signaling pathways (Thesleff
and Sharpe, 1997). In particular, canonical Wnt and Shh
signaling appear crucial for odontogenesis, since disruption
in each pathway leads to either impaired tooth formation or
supernumerary teeth. Below, after a brief introduction of both
pathways, we review in detail their involvement throughout
mouse tooth development.

Canonical Wnt/β-Catenin Signaling
The Wnt pathway can act through canonical β-catenin-
dependent signaling and non-canonical signaling (which is
not further discussed here) (van Amerongen and Berns, 2006;
Tamura and Nemoto, 2016). The mammalian pathway counts 19
Wnt proteins and 10 receptors (Frizzled, Fzd). In the absence of
Wnt ligand, β-catenin is complexed in the cytoplasm with axis
inhibition protein (AXIN), adenomatous polyposis coli (APC)
tumor suppressor, casein kinase 1 (CK1) and glycogen synthase
kinase 3β (GSK3β) which phosphorylates β-catenin, thereby
targeting the protein for proteasomal degradation (Behrens
et al., 1998). Upon binding of canonical Wnt ligands to their
cognate Fzd receptors, which are bound to co-receptors of the
low-density lipoprotein receptor-related protein family (Lrp4-6),
dishevelled (DVL) and AXIN are recruited to the membrane.
This recruitment disrupts the β-catenin-degradation complex
and allows β-catenin to accumulate and translocate to the nucleus
where it complexes with transcription factors of the T-cell-
specific factor/lymphoid enhancer binding factor (TCF/LEF)
family to regulate expression of target genes. Wnt/β-catenin
signaling activity is tightly controlled by numerous factors
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FIGURE 1 | Overview of mouse tooth development. (A) Embryonic stages of mouse tooth development, with divergent morphology of molar and incisor tooth
germs. (B,C) Schematic of fully formed adult molar (B) and incisor (C). AB, ameloblasts; C, cementum; CEJ, cemento-enamel junction; CL, cervical loop; D, dentin;
DEJ, dentino-enamel junction; DF, dental follicle; DL, dental lamina; DP, dental pulp; E, enamel; E11, embryonic day 11; ERM, epithelial cells rests of Malassez;
HERS, Hertwig’s epithelial root sheath; IEE, inner enamel epithelium; IK, initiation knot; JE, junctional epithelium; laCL, labial cervical loop; liCL, lingual cervical loop;
pEK, primary enamel knot; PDL, periodontal ligament; PN7, postnatal day 7; OB, odontoblasts; OEE, outer enamel epithelium; SR, stellate reticulum.

including specific inhibition by, among others, Dickkopf (Dkk1-
4) and secreted Fzd-related protein (Sfrp1-5) family members,
sclerostin (Sost), Wnt inhibitory factor 1 (Wif1), sclerostin
domain containing 1 (Sostdc1, also known as Wise, ectodin or
USAG-1) and Notum. Many of these secreted Wnt antagonists
function via binding of the Lrp co-receptors (Tamura and
Nemoto, 2016). On the other hand, Wnt/β-catenin signaling
is activated by R-spondin (Rspo1-4) glycoproteins through
binding to their leucine rich repeat containing G protein-
coupled receptors (Lgr4-6) which blocks Fzd internalization, thus
boosting Wnt’s signaling activity (Carmon et al., 2011; de Lau
et al., 2011; Glinka et al., 2011).

Shh Pathway
Shh is one of the three secreted peptides [in addition to
Indian and Desert hedgehog (Hh)] that mediate Hh signaling.

In the absence of ligand, the Hh receptor Patched (Ptch)
accumulates in the cell membrane and represses the other
receptor Smoothened (Smo). Upon binding of Hh ligands
to Ptch, the complex is internalized and degraded, thereby
terminating Smo inhibition and allowing it to accumulate
at the ciliary membrane. This activated Smo leads to the
processing and subsequent activation of glioma-associated
oncogene (Gli1-3) transcription factors which regulate the
downstream expression of Shh target genes. Shh signaling is
self-regulating with pathway activity modulating the expression
of Ptch and Gli transcription factors as well as of negative
regulators such as Hh-interacting protein (Hhip1) and growth-
arrest specific 1 (Gas1). Importantly, Sostdc1 is a Shh target
gene and at the same time a Wnt inhibitor, supporting
a negative feedback loop between Shh and Wnt signaling
(Ahn et al., 2010).
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Wnt AND Shh SIGNALING: CRUCIAL
INTERTWINED REGULATORS OF TOOTH
DEVELOPMENT

Wnt and Shh Specify the Tooth-Forming
Fields in Embryonic Oral Ectoderm
Already in the late 90s, it was shown that multiple Wnt pathway
genes are expressed during development of the dental placodes
(Dassule and McMahon, 1998; Sarkar and Sharpe, 1999). Wnt10b
is essentially restricted to the dental epithelial thickenings in
the oral ectoderm, while Wnt4, Wnt6 and Fzd6 are expressed
throughout the oral ectoderm (Figure 2) (Dassule and McMahon,
1998; Sarkar and Sharpe, 1999). Interestingly, Wnt3 and Wnt7b,
both canonical Wnt pathway activators, are also expressed in
the oral epithelium but excluded from the prospective dental
placodes (Sarkar and Sharpe, 1999). Simultaneously, Wnt5a and
Wnt antagonists Sfrp2 and Sfrp3 are expressed in the underlying
mesenchyme (Sarkar and Sharpe, 1999). In addition, Rspo/Lgr
signaling members are dynamically expressed throughout the
earliest (as well as later) stages of odontogenesis, although their
precise roles have not yet been documented (Kawasaki et al.,
2014). Wnt/β-catenin pathway activity has indeed been detected
using Wnt reporter mouse lines (such as Tcf/Lef-LacZ, TOPGAL,
BAT-gal or Axin2-LacZ) in the developing dental placodes and
the underlying dental mesenchyme, as well as in the dental lamina
(i.e., the epithelial layer connecting the tooth germ to the oral
ectoderm, which enables formation of successional teeth in many
species; see below) (Brugmann et al., 2007; Liu et al., 2008;
Lohi et al., 2010).

Interestingly, Shh, initially expressed throughout the oral
epithelium, becomes restricted to the early dental placodes
(Bitgood and McMahon, 1995; Keränen et al., 1999; Hovorakova
et al., 2011). Shh and Wnt/β-catenin signaling appear to closely
interact, and several reports advance a downstream position
of Shh throughout the different stages of tooth development.
Overexpression of the Wnt inhibitor Dkk1 in the dental
epithelium results in downregulation of Shh and Ptch2 expression
in developing tooth buds (Liu et al., 2008). Constitutively active
Wnt/β-catenin signaling in the epithelium induces (ectopic) Shh
expression in the tooth germs (Järvinen et al., 2006; Liu et al.,
2008; Wang et al., 2009). Recently, TCF/LEF1 binding sites
were identified in long-range enhancers of Shh that are active
in the oral cavity during development, strongly suggesting that
Wnt/β-catenin signaling can directly regulate Shh expression
during odontogenesis (Sagai et al., 2009, 2017; Seo et al., 2018).
It remains to be investigated whether or not Wnt3 and Wnt7b
inhibit Shh expression, leading to its extinction in the non-
placodal region and resultant specific presence in the prospective
dental placode. More in general, tooth phenotypes in Wnt3
and Wnt7b knockout models have not yet been described (van
Amerongen and Berns, 2006). It would be highly valuable to
more finely resolve the expression patterns of Shh and Wnt
genes during tooth initiation in a granular spatio-temporally
manner [e.g., via single-cell (sc) spatial transcriptomics; (Marx,
2021)]. Moreover, inferring cell-cell communication through
specific Wnt ligand-receptor interactions using bioinformatical

FIGURE 2 | Wnt and Shh pathway expression pattern prior to dental placode
formation. Schematic of the E11 initiation stage of tooth development, before
formation of the dental placode, and expression pattern of key regulatory
genes. The circle indicates the prospective position of the dental placode,
established at E11.5. During tooth initiation at E11, Wnt4, Wnt6, and Fzd6
(vertical shading) are expressed throughout the oral ectoderm, while Wnt5a,
Sfrp2, and Sfrp3 are produced in the underlying mesenchyme (peach). In the
oral ectoderm, Wnt3 and Wnt7b (dark blue) are expressed in a pattern
mutually exclusive with Wnt10b, Shh, and Pitx2 (light blue), the latter being
restricted to the prospective dental placode. Also, a rosette of oral epithelial
cells (orange), characterized by Fgf8 expression, is located posteriorly to the
placode.

tools [such as CellPhoneDB or NicheNet; (Browaeys et al., 2020;
Efremova et al., 2020)] to decipher which cells can selectively
respond to distinct Wnt ligands, would generate novel insights
in Wnt action specificity during odontogenesis, and in how these
precise interactions may play a role in specifying the prospective
sites of tooth development.

In addition to Wnt and Shh, Fgf8, also one of the first
markers of tooth initiation (Neubüser et al., 1997; Keränen
et al., 1999), is expressed in a posteriorly located rosette
of oral epithelial cells (Figure 2) (Prochazka et al., 2015).
Through genetic lineage tracing, cell ablation and live imaging,
it was found that a small group of Shh-expressing cells triggers
these Fgf8-expressing epithelial rosettes to migrate toward the
initiating tooth bud, where they contribute essential cell mass
for tooth development (Prochazka et al., 2015). Moreover, FGF
signaling is found necessary, as well as sufficient, to induce
subsequent, proliferation-dependent stratification of the dental
placode (Li et al., 2016).

The oral ectoderm’s odontogenic band is not only
characterized by Wnt10b and Shh expression, but also by
the presence of pituitary homeobox 2 (Pitx2). Together, they
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form the earliest known signals of tooth initiation (Figure 2).
Moreover, it has recently been suggested that PITX2 acts
upstream of Shh expression and formation of the IK signaling
center for the placode-to-bud transition (Yu W. et al., 2020).
PITX2 may directly activate Shh expression via a consensus
PITX2-binding motif upstream of the Shh transcription start
site (Yu W. et al., 2020). In addition, PITX2 has been shown
to regulate Lef1 and Sox2 expression, as well as IK and EK
markers such as Cdkn1a, Shh, and Wnt10b (Ahtiainen et al.,
2016; Yu W. et al., 2020). Lef1-expressing cells are present in
the anterior part of the odontogenic band and SOX2-expressing
cells in the posterior zone (St.Amand et al., 2000; Sun et al.,
2016; Sanz-Navarro et al., 2018). These SOX2+ cells constitute
the early progenitor cells of the various epithelial lineages that
arise during odontogenesis, and the Lef1+ cells generate the IK
and EK signaling centers (Sun et al., 2016; Sanz-Navarro et al.,
2018). The importance of PITX2 in regulating the expression
of key signaling center genes is corroborated by the fact that in
Pitx2-deficient dental epithelium both IK and EK fail to develop
(Yu W. et al., 2020).

Wnt and Shh Signaling Play a Crucial
Role in Placode-to-Bud Transition
Shh is known to play a key role in the transition from
dental placode to bud stage (Figure 1), by coordinating
cellular dynamics required for epithelium invagination into
the underlying mesenchyme [reviewed in Kim et al. (2017),
Seppala et al. (2017), and Hosoya et al. (2020b)] (Li et al.,
2016). Inhibition of Shh signaling with cyclopamine annihilates
this invagination, thereby impairing growth of the tooth buds
(Li et al., 2016). Wnt/β-catenin signaling is also required for
bud formation since inhibition of epithelial Wnt/β-catenin
through Dkk1 overexpression prevents the development of this
stage (Li et al., 2020). Moreover, the finding that Shh, Lef1
and Wnt10b expression largely coincides with the IK supports
their essential role in IK regulatory signaling during this early
transition phase (Ahtiainen et al., 2016; Yu W. et al., 2020;
Mogollón et al., 2021).

Recently, a novel concept of epithelial cell migration during
early invagination of ectodermal placodes such as teeth has
been described (Li et al., 2016, 2020; Panousopoulou and
Green, 2016; Kim et al., 2017). First, coordinated vertical
cell movements occur (designated as ‘vertical telescoping’)
(Li et al., 2020). Then, suprabasal cells (in the ‘canopy’)
horizontally intercalate and migrate centripetally (dubbed
‘canopy contraction’) providing a further tensile stimulus for
invagination of the placode (Li et al., 2016, 2020; Panousopoulou
and Green, 2016). The latter process is Shh-dependent, as
application of cyclopamine inhibits this process (Li et al.,
2016, 2020). Although not formally shown yet, Wnt/β-catenin
signaling is also expected to play a key role in regulating these
epithelial cell dynamics since impaired Wnt/β-catenin signaling
prevents bud morphogenesis and formation (Andl et al., 2002;
Liu et al., 2008; Panousopoulou and Green, 2016; Li et al.,
2020). Both canopy contraction and vertical telescoping rely on
an intact F-actin cytoskeleton, and canopy contraction depends

on E-cadherin which transmits tensile forces through epithelia
(Orsulic et al., 1999; Nelson and Nusse, 2004). β-catenin is
known to mediate the structural organization and function
of cadherins (at adherens junctions between cells) by linking
them to the actin skeleton via α-catenin, and E-cadherin can
reduce the availability of β-catenin by sequestering it at the
plasma membrane (Orsulic et al., 1999; Nelson and Nusse,
2004). Moreover, Wnt/β-catenin signaling can directly modulate
E-cadherin (Cdh1) transcription via a TCF/LEF1 binding site
in the Cdh1 gene promoter (Marin-Riera et al., 2018; Yamada
et al., 2019). Together, Wnt/β-catenin is linked to central players
in cell movement. Moreover, although outside the scope of
this review, it is important to note that non-canonical Wnt
signaling, which is strongly intertwined with cell morphology
and cytoskeletal remodeling, is also likely to be involved in
these processes.

Wnt/β-Catenin Signaling in the Early
Dental Mesenchyme Appears Tightly
Regulated
While the Wnt/β-catenin pathway is activated in the epithelium
of the dental placode, Wnt antagonists are upregulated in the
dental mesenchyme, and mesenchymal Wnt/β-catenin activity
is accordingly reduced (Sarkar and Sharpe, 1999; Järvinen
et al., 2018), suggesting that this downregulation is needed for
proper odontogenesis. In line, constitutively active β-catenin in
dental mesenchyme impairs tooth germ morphogenesis (Chen
et al., 2019), and elevated β-catenin activation in vitro in
incisor re-aggregates of dissociated primary dental epithelial
and mesenchymal cells is detrimental to tooth formation
(Liu et al., 2013). However, full deletion of β-catenin in
the dental mesenchyme also arrests tooth development in
the bud stage (Chen et al., 2009; Fujimori et al., 2010),
and constitutively active β-catenin in palatal mesenchyme
induces ectopic tooth bud-like invaginations (Chen et al.,
2009). Hence, it is clear that Wnt/β-catenin activity in the
early dental mesenchyme needs to be strictly fine-tuned for
correct odontogenesis.

Genetic abrogation of mesenchymal β-catenin results in
decreased expression of Bmp4 in the dental papilla (Fujimori
et al., 2010), a well characterized mesenchymal-to-epithelial
signaling molecule during odontogenesis (O’Connell et al.,
2012). Bmp4 is both a target gene of β-catenin/TCF1/LEF1
complexes, as well as a positive regulator of Lef1 expression, thus
generating a positive Wnt-BMP feedback loop (Chen et al., 1996;
Fujimori et al., 2010). A consequence of deficient mesenchymal
BMP4 signaling is a decrease in Shh expression in the adjacent
dental epithelium, suggesting that BMP4 is necessary for the
maintenance of Shh expression (Zhang et al., 2000; Fujimori
et al., 2010). Along the same line, constitutive activation of
mesenchymal β-catenin results in increased expression of the
BMP antagonist noggin in the dental epithelium resulting in
reduced epithelial Shh expression (Chen et al., 2019). A similar
effect was observed in Bmp4-deficient mice, or in ex vivo tooth
germ explants exposed to noggin-soaked beads (Fujimori et al.,
2010; Munne et al., 2010).
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Taken together, during the earliest stages of tooth initiation
and morphogenesis, Wnt and Shh signaling appear crucially
intertwined, both in a direct and an indirect manner.

Wnt/β-Catenin and Shh Signaling Are
Strictly Controlled During Bud and Cap
Stage
The pEK produces Wnts, Shh, BMPs, and FGFs that promote
adjacent dental epithelium to enwrap the underlying dental
papilla and form the typical cap shape (Ahrens, 1913; Jernvall
et al., 1994, 1998; Vaahtokari et al., 1996; Thesleff and Sharpe,
1997). The bud-to-cap transition appears mainly proliferation-
independent but driven by cytoskeletal remodeling (Yamada
et al., 2019). The process is disrupted when focal adhesion kinase
(FAK), a key player in epithelium bending, is pharmacologically
inhibited (Yamada et al., 2019). Intriguingly, in the epithelial
morphogenetic processes of zebrafish the Wnt pathway (i.e.,
Wnt5b) appears to collaborate and function upstream of Fak
(Gutzman et al., 2018; Hung et al., 2020). FAK has also been
linked to Shh signaling in various settings such as cancer
cell migration and invasion, and mouse embryonic stem cell
cytoskeletal remodeling and motility (Chen et al., 2014; Oh et al.,
2018). Further study is required to elucidate the interplay of
Wnt, Shh and FAK signaling as drivers of cytoskeletal remodeling
during bud-to-cap transition in mouse tooth development.

As mentioned, Shh, Lef1, and Wnt10b expression, as well
as β-catenin activity, has not only been found in the IK but
also in the pEK (Liu et al., 2008). Again, tight control of
Wnt/β-catenin and Shh signaling is crucial for tooth development
progression in the pEK-governed stages. Disruption in one
of both pathways is associated with defective pEK activity,
leading to either impaired tooth formation or supernumerary
teeth. Inactivation of Lef1 halts odontogenesis in the bud stage
(van Genderen et al., 1994). Epithelial overexpression of the
Wnt antagonist Dkk1 downregulates Shh, Wnt10b, and Lef1
expression, thereby arresting tooth germs in the bud stage
(Andl et al., 2002; Liu et al., 2008). Inversely, constitutive
activation of dental epithelial β-catenin leads to the formation
of supernumerary EKs and resulting teeth (Järvinen et al.,
2006; Wang et al., 2009; Xavier et al., 2015). On the other
hand, conditional deletion of epithelial Shh or Smo leads
to the development of abnormally small teeth, and fusion
of first and second molars, while Gas1 mutant mice with
enhanced Shh signaling activity form supernumerary teeth
in the diastemal region (i.e., the zone between molars and
incisors) (Dassule et al., 2000; Gritli-Linde et al., 2002; Ohazama
et al., 2009). Targeted deletion of suppressor of fused (Sufu),
a major negative regulator of the Shh pathway, from the
dental mesenchyme results in delayed bud-to-cap transition of
tooth germs due to a defective pEK (Li et al., 2019). Sufu
mutants display aberrant Shh expression patterns, exhibiting
ectopic mesenchymal Shh expression and decreased pEK Shh
expression, suggesting an important role for SUFU in fine-
tuning Shh signaling to the specific compartment during bud-
to-cap transition. Likely due to decreased epithelial Shh, Sufu
deletion resulted in defective epithelial cell rearrangements,

similar to its proposed role during the placode-to-bud transition
(Li et al., 2016, 2019).

Sostdc1 and Lrp4 Establish a Negative
Feedback Loop Between Wnt/β-Catenin
and Shh Signaling During the Bud and
Cap Stage
In recent years, it has been discovered that in developing
tooth germs a negative feedback loop is established between
Wnt and Shh that is modulated through Sostdc1 and Lrp4, an
inhibitory Wnt co-receptor (Figure 3). Joint action of Sostdc1
and Lrp4 in this network was first exposed by the finding that
Lrp4 mutant mice phenocopy Sostdc1 mutants, i.e., generating
fused molars and supernumerary incisors and molars (Kassai
et al., 2005; Yanagita et al., 2006; Ohazama et al., 2008; Munne
et al., 2009; Ahn et al., 2010). This phenotype resembles the
one of genetically modified mice with constitutively active
β-catenin or Gas1 null mutation (which leads to enhanced Shh
signaling) (Järvinen et al., 2006; Ohazama et al., 2009; Wang
et al., 2009). Secondly, Sostdc1 protein was found to bind Lrp4
using immunoprecipitation analysis (Ohazama et al., 2008).
Moreover, Shh±;Sostdc1± mice display elevated Wnt signaling
compared to Sostdc1± mice, further strengthening the presence
of this interactive network, and in particular of the negative
feedback loop between Shh and Wnt through Sostdc1 (Ahn
et al., 2010; Cho et al., 2011). Furthermore, (epithelial-derived)
Shh can directly induce expression of Sostdc1 in the dental
mesenchyme, whereas in vivo suppression of Shh signaling using
an anti-Shh neutralizing antibody reduces Sostdc1 expression
levels (Cho et al., 2011; Kim et al., 2019). All findings together
materialize the model that Shh, which itself is a Wnt target
gene, negatively modulates Wnt/β-catenin signaling through its
target gene Sostdc1 which by binding to Lrp4 acts in concert
with this inhibitory Wnt co-receptor (Figure 3) (Ohazama
et al., 2008). Through elegant combinations of genetic mouse
models (such as Sostdc1, Lrp4, Lrp5, Lrp6, Shh, and Ptch1 full
or heterozygous knockouts) exhibiting differing dosages of Shh
and/or Wnt/β-catenin signaling, it was established that a properly
balanced Shh and Wnt/β-catenin activity is paramount (Ahn
et al., 2017). If one of both pathways is completely disrupted,
the balance is not maintained, resulting in either impaired
tooth growth, or development of supernumerary teeth. This
model is consistent with previous findings from Lef1, Smo, Gas1,
and Lrp4 null mice (van Genderen et al., 1994; Gritli-Linde
et al., 2002; Ohazama et al., 2008, 2009). Crossing Lrp4−/−

with Sostdc1−/− mice revealed that Lrp4 deletion remedied
the Sostdc1−/− phenotype. Even more, gain-of-function Sostdc1
mutants do not display a phenotype in Lrp4−/− tooth germs.
Of note, genetically reduced Lrp5 or Lrp6 dosage appeared to
ameliorate the Lrp4−/− phenotype.

The proposed negative feedback model (Figure 3) appears
also true in other ectodermal appendages (such as vibrissae,
hair follicles and mammary glands) (Lee et al., 2011; Närhi
et al., 2012; Ahn et al., 2013), and thus may represent a
conserved regulatory mechanism. Of note, Shh stimulates Sostdc1
expression predominantly in the dental mesenchyme, which
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FIGURE 3 | Schematic of the Wnt/Shh/Sostdc1/Lrp4 feedback loop. (A) Binding of canonical Wnt ligands to their cognate Fzd receptors, complexed with Lrp5/6
co-receptors, recruits AXIN and DVL to the cell membrane, thus disrupting the β-catenin-degradation complex (consisting of AXIN, DVL, CK1, GSK3, and APC; see
text). Consequently, β-catenin can translocate to the nucleus where it complexes with TCF/LEF transcriptional regulators to control expression of Wnt target genes,
including Lef1 and Shh. (B) In Shh-responsive cells, Shh binds to Ptch receptors (such as Ptch1) thereby relieving Smo inhibition, and as a consequence allowing
Smo to inhibit SUFU. This inhibitory action allows for activation of Gli family transcription factors (such as Gli1), which regulate downstream expression of Shh target
genes including Sostdc1. (C) Finally, secreted Sostdc1 cooperates with Lrp4 to inhibit Lrp5/6-dependent Wnt/β-catenin activation.

in turn signals back to the epithelium, thus presenting a
prime example of the epithelial-mesenchymal crosstalk during
odontogenesis. Interestingly, Sostdc1 expression has also been
detected in the incisor mesenchyme before the bud stage as early
as E12 (Kim et al., 2019), suggesting that this feedback loop
may already play a role in early placode development, although
at present not demonstrated. On the other hand, recent data
have indicated that the interactive loop remains crucial in later
developmental stages such as during cusp patterning (Cho et al.,
2011; Ahn et al., 2017).

Upon disruption of the Wnt/Shh/Sostdc1/Lrp4 loop, typical
tooth patterning aberrations occur resulting in either fused
molars or supernumerary molars (Figures 3, 4) and incisors.
Supernumerary teeth can be the consequence of sustained
survival and development of rudimentary (vestigial) tooth
germs, or of expansion and/or splitting of the pEK signaling
center. Indeed, Lrp4 and Sostdc1 null mutants (thus, showing
elevated Wnt signaling) display sustained development of R2,
a rudimentary tooth bud located distally from the first molar

in the diastema (Ahn et al., 2010, 2017). Moreover, based
on genetic and spatial-expression analyses of feedback loop
components, the regulatory mechanism has been proposed
to control spatial patterning of dentition in the bud stage
(Figure 4) (Cho et al., 2011). Short-acting Wnt signals in the
pEK induce Shh production from the pEK (Figures 3, 4A). Wnt
and Shh diffuse laterally into the surrounding epithelium and
mesenchyme, inducing expression of the target genes Lef1 and
Sostdc1. Their expression appears mutually exclusive, with the
Lef1-expressing domain closest to the pEK and surrounded by a
broader Sostdc1-expressing domain. This creates a tooth-forming
activation and inhibition zone, respectively, thus preventing
fusion of adjacent developing tooth germs (Figures 4A,B). If
this regulatory loop is disrupted, the inhibition zone may not be
established, resulting in fused teeth (Figure 4C). Alternatively,
an excess number of activation and inhibition zones may be
formed, generating supernumerary teeth (Figure 4D). Given that
Sostdc1 is mainly a mesenchymal signal, the model supports a
role for the dental mesenchyme in controlling the number of
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FIGURE 4 | Establishment of tooth-forming and -inhibiting zones by the Wnt/Shh/Sostdc1/Lrp4 feedback loop, and consequences of disruption. (A) Sagittal view of
developing tooth germ. Short-range Wnt signals from the pEK (dark blue) induce localized Shh expression. Together, Wnt and Shh diffuse laterally into the
surrounding dental epithelium and mesenchyme, inducing expression of their target genes Lef1 and Sostdc1, respectively. Due to short-reaching Wnt and
farther-reaching Shh diffusion, mutually exclusive domains of either Lef1 or Sostdc1 expression are established. This pattern creates a tooth-forming activation zone
(light blue) and an inhibition zone where tooth formation is prevented (brown). (B) Transverse view of developing tooth germs. In correctly developing teeth, the
established tooth formation and inhibition zones allow proper development of sequential teeth (M, molars). (C,D) When disrupted, the regulatory loop fails to
establish the inhibition zone leading to fused teeth (C), or alternatively excess activation and inhibition zones are formed yielding supernumerary teeth (D). Figure
inspired by Cho et al. (2011).
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teeth during development. In line, earlier work reported that
removal of mesenchymal tissue from incisor explants resulted in
formation of de novo incisors, similar to the phenotype in Sostdc1
deficiency (Munne et al., 2009).

Of final note here, the Wnt/Shh/Sostdc1/Lrp4 regulatory loop
may be tightly intertwined with the above described Wnt/BMP
positive feedback loop (which can modulate Shh expression)
during prior developmental stages (Zhang et al., 2000; Fujimori
et al., 2010). In addition to its nature as Wnt antagonist, Sostdc1
is also able to bind BMP ligands with high affinity to act as a
BMP antagonist (Laurikkala et al., 2003; Yanagita et al., 2004).
Furthermore, BMPs can induce expression of Sostdc1 in pEK
(Laurikkala et al., 2003).

Crown Development: Formation of Molar
Cusps Is Governed by Inductive
Wnt/β-Catenin and Inhibitory
Shh/Sostdc1 Signaling
The dental epithelium continues to burrow into the underlying
mesenchyme, eventually enwrapping the condensed dental
papilla, thereby successively forming the typical cap and
bell shapes (Figure 1A). The IEE, SR, stratum intermedium
(SI, a layer of non-ameloblast dental epithelial cells lying
beneath both ameloblasts and IEE; see Figure 5) and OEE
morphogenetically form in the continuously growing tooth germ.
Like in the earlier stages of odontogenesis, interplay and strict
levels of Wnt/β-catenin and Shh signaling are paramount in
these processes.

As mentioned, the pEK undergoes apoptosis once the cap
stage is reached, but in multicuspid molars, some pEK cells
escape their demise and contribute to sEK formation (Du
et al., 2017). sEKs display hallmarks identical to IKs and pEKs,
including a non-proliferative G1-phase state with expression of
Cdkn1a, Wnt10b, β-catenin, Axin2, and Shh (Sarkar and Sharpe,
1999; Liu et al., 2008; Lohi et al., 2010). sEKs are localized at
the tips of the prospective cusps and guide the ensuing cusp
formation. In accordance with pEK defects due to malfunctioning
of Wnt/β-catenin signaling, inhibition of the pathway at the bell
stage (E16) via Dkk1 overexpression results in disrupted sEKs
and impaired cusp development, culminating in blunted, less
protruding cusps (Liu et al., 2008). In contrast, suppression of
Shh (via antibody treatment) or deletion of Sostdc1 narrows the
intercuspal distance and results in supernumerary cusp structures
(Kassai et al., 2005; Cho et al., 2011; Kim et al., 2019).

Together, these findings support the hypothesis that the
Wnt/Shh/Sostdc1 regulatory loop remains in play during the
later stages of tooth development. The cusp defects strongly
resemble the earlier tooth patterning aberrations. Analogous
to their activities in tooth patterning, Wnt/β-catenin appears
to be a driver in cusp formation, while Shh/Sostdc1 inhibits
cusp development.

Dental Cytodifferentiation
Development of Ameloblasts and Odontoblasts
Once the tooth germ shape is fully established at the bell stage
(E18.5), enamel-producing ameloblasts start to differentiate from

the IEE and dentin-generating odontoblasts from the adjacent
dental papillary cells, both separated by a basement membrane,
through an active interplay. The ameloblast lifecycle consists of
four stages, defined by morphological and functional hallmarks.

In the first (presecretory) stage, IEE cells (pre-ameloblasts)
initiate the cytodifferentiation process by inducing progression
of adjacent dental papilla into odontoblasts which deposit a
fine layer of pre-dentin at the future dentino-enamel junction
(DEJ; Figure 1A) (Bei, 2009; Bartlett, 2013). Pre-dentin, primarily
composed of collagen, reciprocally instructs pre-ameloblasts
to differentiate into secretory ameloblasts. Meanwhile, actively
secreting odontoblasts form large columnar cells with processes
extending into the (pre-)dentin. During the differentiation
progression, pre-ameloblasts break through the basement
membrane at the DEJ, elongate from short cuboidal into tall
columnar cells, and form so-called Tomes’ processes at their
apical enamel-forming ends.

During the second episode, secretory-stage ameloblasts
start to secrete enamel matrix proteins such as amelogenin,
enamelin, and ameloblastin to form a protein-rich and soft
enamel matrix. Ameloblasts are also equipped with a variety
of mineral and bicarbonate transporters to drive mineral
growth within the matrix (Bronckers, 2017). In addition,
secretory-stage ameloblasts produce matrix metalloproteinase
20 (MMP20), which hydrolyses enamel matrix proteins into
stable intermediates (Bartlett et al., 1998; Fukae et al., 1998).
Within this protein matrix, each ameloblast forms a thin enamel
rod or enamel crystallite. As the enamel thickens, ameloblasts
move away from the dentin surface, and the crystallites grow
longitudinally, parallel to each other. In addition to moving
backward, groups of ameloblasts slide past each other forming
the typical decussate pattern of rodent enamel (Reith and Ross,
1973). At the end of the secretory stage, the enamel layer reaches
its full thickness.

In the third (transition) stage, ameloblasts retract their Tomes’
processes, contract again and deposit a new basal lamina.
Ultimately, in the fourth and final (maturation) stage, ameloblasts
cycle between two morphologies at the enamel surface: ruffle-
ended and smooth-ended. The ameloblasts degrade and reabsorb
the enamel protein matrix through secretion of proteolytic
enzymes [e.g., kallikrein-related peptidase-4 (KLK4)], while the
enamel crystallites continue to grow and expand. Eventually,
the fully formed enamel is highly mineralized with very little
amount of protein remaining, thereby forming the hardest
substance in the body.

Cell-Autonomous Wnt/β-Catenin Signaling Is Crucial
in Both Odontoblast and Ameloblast Development
During Crown Formation
Odontoblast development
To study the role of Wnt during dental cytodifferentiation,
several studies have employed cell-type specific knockout
of Wntless (Wls), a chaperone protein required for proper
cellular secretion of Wnt ligands (Bänziger et al., 2006;
Bartscherer et al., 2006). Targeted Wls disruption in developing
odontoblasts highlighted that cell-autonomous Wnt is crucial
for proper odontoblast differentiation and dentin formation

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 October 2021 | Volume 9 | Article 758203368

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-758203 October 25, 2021 Time: 16:10 # 10

Hermans et al. Odontogenesis: Intertwined Wnt and Shh

(dentinogenesis), as well as for tooth root development (see
below) (Lim et al., 2014; Bae et al., 2015). In analogy, odontoblast-
specific overexpression of Dkk1 or deletion of β-catenin (Han
et al., 2011; Kim et al., 2013) resulted in identical phenotypes,
whereas constitutive activation of β-catenin in the dental
mesenchyme induced premature odontoblast differentiation and
excessive dentin and cementum materialization (Kim et al.,
2011). Moreover, the promotor regions of collagen type Iα1
(Col1a1, the key component of dentin) and decorin (Dcn, a
proteoglycan component of dentin) contain TCF/LEF binding
sites and have been identified as Wnt/β-catenin target genes
during odontoblast differentiation (Guan et al., 2016).

Interestingly, Wnt activation by ubiquitous genetic deletion of
the secreted Wnt inhibitor Notum severely disrupted formation
of both crown and root dentin in molars and of crown dentin in
incisors, but did not affect amelogenesis (Vogel et al., 2016). In
incisors, NOTUM was recently found to be associated with early
odontoblasts localized near the CL mesenchymal area, although
its precise role during odontoblast differentiation remains to be
elucidated (Krivanek et al., 2020). Similarly, ablation of mothers
against decapentaplegic homolog 4 (Smad4), a key regulator of
transforming growth factor beta (TGFβ)/BMP signaling, in the
dental mesenchyme, resulting in downregulation of the Wnt
inhibitors Dkk1 and Sfrp1 and thus Wnt pathway activation,
caused impaired odontoblast differentiation and dentinogenesis,
but had no effect on ameloblast differentiation (Li et al., 2011).
Moreover, this Wnt signaling boost through Smad4 inactivation
resulted in a switch from dentinogenesis to osteogenesis,
indicating the importance of finely balanced Wnt/β-catenin
activity in determining the cell fate of the dental mesenchyme.
Together, Wnt/β-catenin in the dental mesenchyme is cell-
autonomously required for proper odontoblast differentiation
during crown (and root) development.

Ameloblast development
A similar cell-autonomous role of Wnt/β-catenin has been
identified in ameloblast differentiation. Deletion of Wls in
the Shh-expressing dental epithelial lineage leads to defective
ameloblast development, suggested to be largely due to
decreased expression of Shh pathway components such as Shh,
Gli1, and Ptch1 (Xiong et al., 2019). Epithelial deletion of
β-catenin resulted in enamel defects including disorganized
ameloblasts which lacked the typical columnar shape, and
dysplastic, soft enamel (Yang et al., 2013; Guan et al., 2016).
Furthermore, pharmacological β-catenin inhibition showed
impaired migration and invasion of ameloblast lineage cells
in vitro (Guan et al., 2016). Overexpression of Wnt3 in the
dental epithelium resulted in disorganized ameloblasts and
enamel defects (Millar et al., 2003). In analogy, pharmacological
inhibition of GSK3β, leading to β-catenin activation, impaired
ameloblast differentiation and cell polarity in mouse tooth
explant cultures (Aurrekoetxea et al., 2016; Yang et al., 2018).
Moreover, constitutive activation of β-catenin in ameloblasts
led to severely disorganized ameloblasts lacking their normal
polarity, as well as to chalky hypoplastic enamel (Fan et al.,
2018). Although enamel thickness was not significantly reduced,
its mineralization was delayed, and decreased expression of

Mmp20 and Klk4 resulted in failure of matrix protein removal.
Of note, deletion of Wls specifically in the dental epithelium also
caused impaired differentiation of the mesenchymal odontoblasts
(Xiong et al., 2019).

Overexpression or ablation of Mmp20 resulted in enamel
defects and aberrant ameloblast behavior in both molars and
incisors (Bartlett et al., 2011; Shin et al., 2016, 2018). The
phenotype was characterized by dysplastic enamel, disruption of
the ameloblasts’ layer and morphology, infiltration of ameloblasts
in the enamel space (in incisors) or in the underlying SI
and SR cell layers (in molars), and presence of ectopic
mineralization nodules (Shin et al., 2016, 2018). In addition to
cleaving enamel matrix proteins, MMP20 plays an important
role in ameloblast cell morphology and motility. Changes
in morphology and increased migration/invasion in the case
of Mmp20-overexpressing ameloblasts have been attributed to
enhanced nuclear localization of β-catenin and signaling, since
prevented by in vitro pharmacological inhibition of β-catenin
(Shin et al., 2018). MMP20 cleaves cadherin extracellular
domains (Bartlett et al., 2011; Guan and Guan and Bartlett,
2013). Consequently, MMP20 overexpression leads to increased
cleavage of E-cadherin resulting in release of β-catenin from the
cell membrane which can translocate to the nucleus.

Finally, ChIP-Seq experiments have identified β-catenin and
transcription factor 7 like 2 (TCF7L2, also known as TCF4)
binding regions in the Mmp20 promoter, at least in human
colon cancer cells (Bottomly et al., 2010). Constitutive activation
of β-catenin in ameloblasts results in decreased levels of
MMP20 (Fan et al., 2018). Thus, a feedback loop may exist
between Wnt/β-catenin and MMP20. Moreover, MMP20 may
also interact with Shh, given common roles in cell migration.
Numerous studies have identified other MMPs [such as MMP2
and MMP9 as targets of Shh signaling (Bigelow et al., 2005; Yoo
et al., 2011; Chen et al., 2013; Fan et al., 2014)], and Mmp20
expression may also be regulated by Shh. Nevertheless, a direct
relationship of MMP20 with Wnt/β-catenin or Hh signaling in
mouse tooth development remains to be conclusively defined.

Wnt and Shh During Tooth Root
Development
Tooth Root Formation: Involvement of Hertwig’s
Epithelial Root Sheath
Different from the tooth crown, which is shielded by enamel,
tooth root is covered by the much softer cementum. Tooth root
development starts once the crown is formed, i.e., when the
enamel reaches the future junction with the cementum layer
[cemento-enamel junction (CEJ)], the prospective boundary
between crown and root (Li et al., 2017) (Figure 1B). The
CL-derived HERS (Figure 1A) extends apically to guide root
formation, determining the number, shape and size of the
roots (Ten Cate, 1996; Li et al., 2015, 2017; Yu and Klein,
2020). Where inner layer HERS cells contact apical papilla
mesenchymal cells, the latter differentiate into odontoblasts
which deposit root dentin. Approximately 1 week after its apical
elongation, HERS disintegrates, thereby giving rise to a structure
resembling a mesh or fishnet (Huang et al., 2009). This perforated
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HERS network allows dental follicle cells to pass through and
contact the papillary mesenchyme and the root dentin (Luan
et al., 2006; Huang et al., 2009). In a manner similar to
ameloblast differentiation, contact with deposited dentin allows
dental follicle cells to differentiate into cementum-producing
cementoblasts (Luan et al., 2006; Zeichner-David, 2006; Huang
et al., 2009; Li et al., 2017).

In parallel, HERS cells can undergo epithelial-to-
mesenchymal transition (EMT) and directly contribute to
the cementoblast population (Huang et al., 2009). Importantly,
HERS plays a crucial role in the formation of the PDL, both via
direct contribution to the PDL lineage after undergoing EMT and
secretion of signaling molecules (Itaya et al., 2017; Li et al., 2017).
Some dental follicle cells adjacent to HERS migrate in between
the root and the alveolar bone, forming PDL fibroblasts (Xiong
et al., 2013; Li et al., 2017). These cells secrete collagen fibers, that
will eventually become thick, highly organized bundles termed
Sharpey’s fibers (Xiong et al., 2013; Li et al., 2017). The fibers are
embedded in the cementum and connect to the alveolar bone,
helping the tooth to remain embedded in the jaw and resist the
forces generated during, among others, mastication. Eventually,
the remaining HERS fragments become dispersed throughout the
dental follicle thereby establishing the ERM, a quiescent epithelial
cell population that has been taxed with stem cell properties and
can contribute to cementum and PDL regeneration and repair
(Huang et al., 2009; Takahashi et al., 2019).

Developing tooth roots display high levels of Wnt/β-catenin
activity as shown by Axin2 expression, which is strongly
associated with HERS, surrounding apical dental papilla,
root odontoblasts and cementocytes (Lohi et al., 2010; Choi
et al., 2020). Also during this phase of tooth development,
Wnt/β-catenin is critical in both the epithelial- and
mesenchymal-derived compartments for root dentinogenesis as
well as cementogenesis.

Elevation of Wnt/β-Catenin Activity Is Crucial to Shift
Dental Epithelium From Crown Toward Root Fate
During the crown-to-root transition, the dental epithelial
cells, generating HERS, contribute to root formation and
cementogenesis instead of amelogenesis. As during the latter
process, the TGFβ/BMP/Wnt/β-catenin feedback loop plays an
important role to fine-tune Wnt/β-catenin activity. Indeed, the
transition is characterized by a reduction in epithelial TGFβ/BMP
signaling leading to elevated Wnt/β-catenin activity, needed
to shift the dental epithelium cell fate from crown to root
lineage (Yang et al., 2013; Li et al., 2015). Disruptions in the
TGFβ/BMP pathway, for instance via deletion of epithelial Smad4
or BMP receptor 1A (Bmpr1a, also known as Alk3), can severely
impact crown/root development (Yang et al., 2013; Li et al.,
2015). Precocious decline of epithelial TGFβ/BMP signaling
(i.e., during crown formation instead of during the crown-to-
root transition) by Bmpr1a ablation shifts the dental epithelial
cell fate toward HERS/cementoblast lineage and results in both
ectopic cementum and HERS/ERM in the enamel region, as well
as increased production of orthotopic cementum (Yang et al.,
2013). Additional deletion of β-catenin rescues this phenotype
and prevents precocious cementogenesis, further strengthening

the idea that reduction of TGFβ/BMP signaling is necessary to
elevate Wnt/β-catenin to advance root development. In analogy,
implantation of BMP4-soaked beads near HERS prevented
its elongation and proliferation (Hosoya et al., 2008). In a
mouse model with strongly elevated cementogenesis [i.e., mutant
in ectonucleotide pyrophosphatase/phosphodiesterase family
member 1 (Enpp1), a key regulator of extracellular diphosphate
levels in mineralizing tissues], β-catenin and TCF/LEF activity is
highly increased, thus reinforcing Wnt/β-catenin’s key role in this
process (Choi et al., 2019). Stabilization of β-catenin specifically
in the dental mesenchyme during cementogenesis results in
excessive cementum formation, in line with the potential of
dental follicle cells to generate cementoblasts, likely driven by
Wnt/β-catenin (Kim et al., 2011).

Recent studies further emphasized the crucial role of epithelial
Wnt/β-catenin signaling during root development. Through
various Wnt10a knockout models, it was demonstrated that
epithelial Wnt10a is required for proper formation of the tooth
root (Xu et al., 2017; Yu M. et al., 2020). General deletion of
Wnt10a in epithelial, but not mesenchymal cells, resulted in a
typical taurodont phenotype (i.e., with elongated root trunks
and lack of root furcation), similar to the phenotype observed
in humans with WNT10a mutations (see below, Table 1) (Yang
et al., 2015; Xu et al., 2017; Yu M. et al., 2020). Epithelial-derived
Wnt10a was found crucial for the proliferation of the epithelium,
and thus the extension of the HERS. In contrast, the epithelial
Wnt10a inhibited the proliferation of mesenchymal cells, likely
via inhibition of mesenchymal Wnt4 production (Yu M. et al.,
2020). The necessity of Wnt/β-catenin for HERS elongation
was further confirmed in a recent study applying conditional
β-catenin deletion in Shh+ HERS, leading to disruption of both
cell proliferation and dynamics (Yang et al., 2021). Eventually,
Wnt10a, which appears initially expressed in both HERS and
dental papilla, gradually becomes restricted to the mesenchymal
cells in the dental papilla and dental follicle, and to the
odontoblasts (see below) (Yu M. et al., 2020).

Non-redundant and Dose-Dependent Role of Shh
During Tooth Root Development
Numerous studies have also highlighted the essential and non-
redundant role of Shh during tooth root development, interfacing
with both Wnt/β-catenin and TGFβ/BMP signaling. Expression
of Shh, Ptch1, and Gli1 is gradually restricted to the apical
IEE and eventually to HERS during crown-to-root transition,
while Ptch1 and Gli1 are also detected in the surrounding
mesenchyme (Nakatomi et al., 2006; Khan et al., 2007). Both
constitutive activation and inhibition of the Shh pathway
during root development negatively affects cell proliferation
and decreases the root length, indicating a strict Shh dose-
dependency of tooth root development (Nakatomi et al., 2006;
Huang et al., 2010; Li et al., 2015; Liu et al., 2015). Importantly,
it has been revealed that, similarly to its role in balancing
Wnt/β-catenin activity, TGFβ/BMP signaling also interfaces with
the Shh pathway to ensure appropriate levels of Shh activity
for proper root development (Huang et al., 2010). Epithelial
Shh expression is induced by SMAD4 and drives expression
of mesenchymal nuclear factor I/C (Nfic), a key transcription
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factor during root development (Steele-Perkins et al., 2003;
Huang et al., 2010; Kim et al., 2015; Liu et al., 2015). Nfic
knockout mice display impaired root formation, characterized by
reduced cell proliferation, defective odontoblast differentiation
and short roots (Steele-Perkins et al., 2003; Kim et al., 2015).
Moreover, these mice exhibit elevated Hh pathway activity and
Gli1 expression, indicating a negative feedback loop (Liu et al.,
2015). Nfic has indeed been shown to interact with the promoter
of Hhip (Liu et al., 2015) a competitive antagonist of Hh ligands in
binding Ptch receptors (Chuang and McMahon, 1999). Further,
pharmacologically inhibiting elevated Hh activity in Nfic−/−

mice partially reverses the root phenotype (Liu et al., 2015).

Potential Involvement of the Wnt/Shh/Sostdc1
Feedback Loop During Tooth Root Formation and
Cementogenesis
Only recently, it has been found that the Wnt/Shh/Sostdc1
regulatory loop may also play a role during the later tooth root
development phase. In genetic mouse models with hyperactivated
Hh signaling (due to constitutively activated Smo or deleted
Sufu in the mesenchymal compartment), Sostdc1 (as well as
Dkk1) expression is elevated and Wnt/β-catenin activity reduced
resulting in decreased cementum formation and mineralization
(Choi et al., 2020). These defects are rescued in the mutants
when β-catenin is constitutively activated, further strengthening
the crucial role of tightly regulated Shh as well as Wnt/β-catenin
activity during root formation and cementogenesis (Choi et al.,
2020). Hence, the Wnt/Shh/Sostdc1 regulatory loop appears to
be a conserved feedback mechanism that is repeatedly recycled
throughout odontogenesis. Further functional studies of Sostdc1
during root development and cementogenesis remain necessary
to validate this hypothesis. Moreover, it would be interesting to
explore the role of Lrp4 during these processes, considering its
involvement in the Wnt/Shh/Sostdc1 regulatory loop during the
prior tooth developmental stages.

Interfering With Wnt Signaling Impairs Tooth Root
Dentinogenesis
Similarly to their negative impact on crown odontoblast
differentiation and dentinogenesis, disruptions in the
Wnt/β-catenin pathway, either via overactivation or
downregulation, also lead to impaired root odontoblast
formation, and to shortened or completely lacking roots (Han
et al., 2011; Kim et al., 2013; Lim et al., 2014; Bae et al., 2015;
Vogel et al., 2016). Specific deletion of Wls in odontoblasts
revealed the requirement of cell-autonomous Wnt/β-catenin
signaling and production of Wnt ligands not only during
crown but also root dentinogenesis (Lim et al., 2014; Bae et al.,
2015). For instance, in postnatal day 14 molars, Wnt10a is
expressed in odontoblasts along the dentin surface as well as in
differentiating (pre-)odontoblasts along HERS, where it may be
involved in odontoblast differentiation, based on its capacity
to activate expression of dentin sialophosphoprotein (Dspp), a
key non-collagenous component of dentin, as observed in vitro
in a mesodermal cell line (Yamashiro et al., 2007). Intriguingly,
odontoblast differentiation and dentin formation appeared

unaffected when Wnt10a was genetically deleted, which instead
resulted in taurodont teeth (Yang et al., 2015).

Together, these findings highlight the complex roles of the
Wnt/β-catenin pathway and its components in odontoblast
differentiation and dentinogenesis, and in root furcation and
elongation during specific stages of tooth development.

DENTAL EPITHELIAL AND
MESENCHYMAL STEM CELLS: IMPACT
OF Wnt/β-CATENIN AND Shh

Dental Epithelial Stem Cells: Cellular
Origin and Heterogeneity
The origin of dental epithelial stem cells (DESCs) can be traced
back to the earliest stages of odontogenesis. During establishment
of the dental placodes, the PITX2+ odontogenic band of oral
ectoderm is subdivided in an anteriorly situated group of LEF1+
and a posteriorly situated group of SOX2+ cells (St.Amand
et al., 2000; Sun et al., 2016; Sanz-Navarro et al., 2018). The
SOX2+ cells constitute the early progenitors of the various dental
epithelium-derived cell lineages, including the enamel-forming
ameloblasts, as well as of the later DESCs, both in incisors and
molars (Juuri et al., 2012; Li et al., 2015; Sun et al., 2016; Sanz-
Navarro et al., 2018). Around E14, Sox2 expression becomes
restricted to the CLs in molars and incisors (in the latter in both
liCL and laCL) (Juuri et al., 2012). In the continuously growing
mouse incisors, Sox2 expression eventually disappears from the
liCL (∼E15) but strongly persists in the tip of the laCL, where
SOX2+ stem cells remain present throughout the animal’s life
(Juuri et al., 2012; Li et al., 2015). In the mouse molars, SOX2+
DESCs are only transiently present in the CL and are lost upon
root formation when the molar CL becomes dispersed in HERS
and ERM (Li et al., 2015). Throughout the animal kingdom, the
presence of SOX2+ dental epithelial cells is highly conserved in
various mammalian species, not only in sharks, cichlid fish and
reptiles where teeth are continuously replaced but also in the non-
regenerating human teeth (Fraser et al., 2013; Juuri et al., 2013;
Martin et al., 2016; Bloomquist et al., 2019).

At the tip of the CLs, the SR and OEE (Figure 1A) have been
suggested to be the location of the true, slow-cycling DESCs,
whereas the IEE is considered to contain their progeny, including
the proliferating transit-amplifying (TA) cells and the eventual
enamel-forming ameloblasts (Kuang-Hsien Hu et al., 2014).
In vivo lineage tracing has identified DESCs as slow-cycling label
[genetic or bromodeoxyuridine (BrdU)]-retaining cells. These
studies have uncovered numerous stem cell markers in addition
to Sox2 such as the Shh components Gli1 (Seidel et al., 2010,
2017; Biehs et al., 2013) and Ptch1 (Seidel et al., 2010), and the
Wnt component and target gene Lgr5 (Suomalainen and Thesleff,
2010; Chang et al., 2013; Sanz-Navarro et al., 2018), as well as
BMI1 proto-oncogene, polycomb ring finger (Bmi1) (Biehs et al.,
2013), integrin subunit alpha 6 (Itga6, also known as Cd49f )
(Chang et al., 2013), leucine rich repeats and immunoglobulin
like domains 1 (Lrig1) (Seidel et al., 2017) and insulin like
growth factor binding protein 5 (Igfbp5) (Seidel et al., 2017).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 October 2021 | Volume 9 | Article 758203371

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-758203 October 25, 2021 Time: 16:10 # 13

Hermans et al. Odontogenesis: Intertwined Wnt and Shh

Interestingly, Gli1 and Bmi1, in addition to Lrig1 and Igfbp5, have
also been found to distinguish dental epithelial and mesenchymal
(see below) stem cell populations (Biehs et al., 2013; Zhao et al.,
2014; Seidel et al., 2017).

The DESC population is heterogeneous. Among others, Lrig1-
expressing cells have been advanced as a subset of Gli1-expressing
DESCs, and both Ptch1- and Lgr5-expressing cells have been
found to be subsets of Sox2-expressing DESCs, with Lgr5+/Sox2+
cells representing the smaller subpopulation (Seidel et al., 2017;
Sanz-Navarro et al., 2018; Binder et al., 2020). Moreover,
these studies have also identified Lrig1+/Gli1−, Ptch1+/Sox2−
and Lgr5+/Sox2− cell populations. DESC subpopulations do
not only display molecular but also functional heterogeneity.
For instance, lineage tracing revealed that the progeny of
certain DESC subtypes could be rapidly (∼days) detected after
tamoxifen induction (e.g., Sox2+, Gli1+, and Bmi1+ DESCs),
whereas other subtypes required longer time (∼months) to
give rise to descendants of all the epithelial lineages, thus
representing more quiescent DESC subtypes (e.g., Lrig1+ cells)
(Seidel et al., 2010).

Advanced Insights Into Dental Epithelial
Stem Cells Heterogeneity From
Single-Cell Transcriptomics
This DESC heterogeneity has been confirmed and further
expanded by recent sc transcriptomic profiling studies of dental
tissues (Sharir et al., 2019; Chiba et al., 2020; Krivanek et al., 2020)
[recently reviewed in Fresia et al. (2021)]. Krivanek et al. (2020)
confirmed the presence of a heterogeneous DESC compartment
expressing multiple previously identified markers (such as Sox2,
Lrig1, and Lgr5), including rare Sox2+/Lgr5+, Sox2+/Lrig1+, and
Sox2+/Lgr5+/Lrig1+ subtypes. In addition, the study identified
a novel Acta2+ (actin alpha 2, smooth muscle) stem cell
population located predominantly in the outer SR and OEE
(Krivanek et al., 2020). Similarly to other DESC markers,
Acta2 was found to be co-expressed with Sox2 in some cells.
Lineage tracing revealed that progeny of ACTA2+ cells could be
detected in the dental epithelium (following some days) and in
mature ameloblasts (after 1–2 months), thus contributing to all
dental epithelial lineages (Krivanek et al., 2020). The study also
identified novel putative DESC markers (e.g., Pknox2, Zfp273,
Spock1, and Pcp4), however, still requiring functional validation,
as well as a long-lived Egr+ (early growth response 1)/Fos+
(Fos proto-oncogene, AP-1 transcription factor subunit)/Sox2−
progenitor cell population specifically contributing to OEE cells
(Krivanek et al., 2020).

Using sc transcriptomics combined with kinetics and
trajectory analysis, Sharir et al. (2019) identified a large pool
of cycling progenitor cells in the IEE lacking (putative) DESC
marker genes (Shadad et al., 2019). The cells display multipotent
potential, being capable to differentiate into both ameloblast- and
non-ameloblast (SR, OEE, and SI) lineages. This study, as well as
the sc transcriptomic profiling by Chiba et al. (2020) in contrast
to Krivanek et al. (2020) did not distinguish a uniquely defined,
unambiguous stem cell (DESC) compartment (Sharir et al., 2019).
Use of different technical platforms [i.e., Smart-seq2 technology

applied by Krivanek et al. (2020) which is characterized by
higher sequencing depth than the 10× Genomics platform as
used by Sharir et al. (2019) and Chiba et al. (2020)] may
provide one explanation (Sharir et al., 2019; Chiba et al., 2020;
Krivanek et al., 2020).

Additionally, through lineage tracing of Notch1+ SI cells in
homeostatic conditions, Sharir et al. (2019) found that SI cells can
contribute to both the SR and OEE lineages. When challenged
by injury (i.e., disruption of the cycling progenitor population by
5-FU treatment or mechanical clipping of the incisor), Notch1+
SI cells rapidly (within 24 h) and drastically contributed to the
proliferating progenitor cell pool as well as the ameloblast layer
(Sharir et al., 2019). This finding suggests that injury triggers SI
cells to enter the progenitor cell pool and contribute to tissue
recovery. Interestingly, regeneration was also associated with
increased expression of Sfrp5, previously described as a marker
for the immediate progeny of Sox2+ DESCs (Juuri et al., 2012;
Sharir et al., 2019). Together, the findings are in agreement with a
highly heterogenous nature of dental epithelial stem/progenitor
cells while challenging the classical tooth epithelial stem cell
model in which a relatively small, slow-cycling population of
DESCs in the SR and OEE gives rise to TA cells in the IEE
that eventually differentiate into all dental epithelial lineages
(Figure 5) (Sharir et al., 2019). In a revised model [also reviewed
in Gan et al. (2020) and Fresia et al. (2021)], slow-cycling cells
in the SR and OEE give rise to a large and heterogenous pool
of constantly cycling progenitors located in the IEE, that in
turn generate both ameloblast and non-ameloblast (including SR,
OEE, and SI) lineages, thereby supporting the constant incisor
growth and amelogenesis in homeostatic conditions. However,
when demand is high as occurring during injury repair, existing
SI cells contribute to the proliferating progenitor cell pool, as
well as directly differentiate into both ameloblast and non-
ameloblast epithelial cells. Similar concepts on stem/progenitor
cell molecular and functional heterogeneity, and on mature cell
de-differentiation and contribution during repair, have also been
advanced in other tissues such as intestine and lungs (Tata et al.,
2013; Murata et al., 2020).

Wnt- and Shh-Responsive Dental
Epithelial Stem Cells Subpopulations
Both Wnt- and Shh-responsive subpopulations have been
identified in the heterogeneous DESCs (i.e., Lgr5- and Gli1/Ptch1-
expressing cells). Hh signaling constitutes an essential driver for
the continued generation of enamel-forming ameloblasts in the
mouse incisor, but not for DESC self-renewal (Seidel et al., 2010).
Intriguingly, the Shh signal was shown to originate from the
differentiating DESC progeny, indicating a pro-differentiation
feedback loop toward the DESCs (Seidel et al., 2010).

The role of Wnt/β-catenin signaling in DESC regulation
has been more controversial and unclear (Liu and Millar,
2010; Suomalainen and Thesleff, 2010; Juuri et al., 2012).
Currently, most evidence indicates inhibition of Wnt/β-catenin
signaling in DESCs of the renewing incisor (Kuang-Hsien Hu
et al., 2014). Firstly, several studies reported lack of canonical
Wnt reporter activation in late-embryonic and postnatal laCL
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FIGURE 5 | Classical and revised models of epithelial stem/progenitor cells in the mouse tooth. AB, ameloblasts; DESCs, dental epithelial stem cells; IEE, inner
enamel epithelium; OEE, outer enamel epithelium; preAB, pre-ameloblasts; SI, stratum intermedium; SR, stellate reticulum; TA cells, transit-amplifying cells.

(Suomalainen and Thesleff, 2010; Juuri et al., 2012), as well
as of Axin2 expression in the E16.5 and E18.5 incisor DESC
niche (Suomalainen and Thesleff, 2010). Secondly, multiple
reports have identified expression of several Wnt antagonists
in and around the laCL niche, such as Sfrp5 (Juuri et al.,
2012; Sharir et al., 2019; Chiba et al., 2020), Sostdc1 (Sharir
et al., 2019), CD9 and LIM domain binding 1 (Ldb1) (Juuri
et al., 2012), whereas only very few Wnt ligands could be
detected in the dental epithelium of the laCL (Suomalainen
and Thesleff, 2010). The Wnt antagonist Sfrp5 displays a
similar expression pattern as Shh, marking the early TA and
pre-ameloblast progeny of the DESCs. However, in contrast
to Shh, Sfrp5 was also detected at the OEE/IEE junction of
the CL tip, immediately surrounding Sox2+ DESCs (Juuri
et al., 2012; Sharir et al., 2019; Chiba et al., 2020). Lineage
tracing revealed that these Sfrp5+ cells are direct progeny
of the Sox2+ DESCs (Juuri et al., 2012). Sc transcriptomics
further supported this idea that the OEE/IEE junction contains
direct descendants of tooth stem/progenitor cells (Sharir et al.,
2019). Given that differentiating DESC progeny signals back
toward their parent cells through Shh, it is not unlikely that
secreted SFRP5 is also re-directed toward the DESCs to locally
suppress Wnt/β-catenin activity. Furthermore, expression of
non-degradable β-catenin in embryonic Sox2+ DESCs results in
the formation of supernumerary tooth bud-like structures, or,
when performed postnatally, in ectopic de novo tooth generation
resembling odontoma (Xavier et al., 2015).

SOX2+ DESCs remain localized in the dental lamina
[also referred to as the successional dental lamina (SDL)]
throughout odontogenesis and are competent for successional

tooth formation (Juuri et al., 2013). Tooth replacement occurs
in the polyphyodont reptiles that continuously replace their
dentition, or the diphyodont humans who form two generations
of teeth (i.e., ‘milk’ and ‘permanent’ teeth). In monophyodont
mice which only form one set of teeth, the dental lamina is
involved in the sequential development of the three molars, after
which it regresses to form a non-tooth forming rudimentary
SDL (RSDL). The SOX2+ cells of the dental lamina give rise
to (the epithelial compartment of) the second and third molars
(Juuri et al., 2013; Yamakami et al., 2016). An analogous
process appears to occur in other mammalian species with
serial molar development, including humans and ferrets (Juuri
et al., 2013). Interestingly, expression of Sox2 and Wnt/β-catenin
signaling (as shown by Lef1 expression and nuclear β-catenin
localization) are mutually exclusive in the SDL, being conserved
throughout the animal kingdom, with activated Wnt/β-catenin
in the tip of the SDL where Sox2 expression is excluded
(Handrigan and Richman, 2010; Gaete and Tucker, 2013; Juuri
et al., 2013). Moreover, this juxtaposition of Sox2+/Lef1− and
Sox2−/Lef1+ domains is conserved through various stages of
tooth development, including placode formation during which
SOX2, together with PITX2, inhibits Lef1 expression (Sun et al.,
2016). In addition, it has been reported that Lgr4 is co-expressed
in the SOX2+ dental lamina cells of sequentially developing
mouse molars, and is required to maintain SOX2 expression as
well as stimulate Wnt/β-catenin activity and LEF1 expression
in the dental lamina to safeguard the development of the
sequential molars (Yamakami et al., 2016). Of note, Lgr4 is also
expressed throughout the DESC niche in the laCL and may be a
DESC marker together with Lgr5 (Kawasaki et al., 2014). Thus,
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although not explicitly proven yet, the Lgr4-driven mechanism
may be involved in the regulation of SDL and laCL DESCs.
Taken together, Wnt/β-catenin activity at the SDL tip appears
required to allow polarized elongation and proliferation of the
SDL into the underlying dental mesenchyme, reminiscent of the
potential, and similar, role for Wnt/β-catenin in the placode-
to-bud and bud-to-cap transition during the earlier stages of
odontogenesis (see above).

Similar to expression of constitutively activated β-catenin
in SOX2+ DESCs in mice, overactivation of Wnt/β-catenin in
snake dental organ cultures (through GSK3β inhibition) and
in mouse SOX2+ RSDL (through expression of constitutively
activated β-catenin) results in a supernumerary tooth phenotype
(Gaete and Tucker, 2013; Xavier et al., 2015; Popa et al., 2019).
Intriguingly, Shh plays a key role in restricting Lef1 expression
and Wnt/β-catenin to the distal SDL tip in snakes (Handrigan
and Richman, 2010). It would be interesting to evaluate this
Wnt-Shh interplay in mice, and to assess whether or not
the conserved Wnt/Shh/Sostdc1/Lrp4 feedback is also ‘recycled’
here in this stage.

The mutual exclusivity of SOX2 and Wnt/β-catenin activity
in the SDL, together with supportive evidence (including from
other tissue systems) that SOX2 may exert an inhibitory effect
on Wnt/β-catenin signaling, further underwrites the notion that
Wnt/β-catenin inhibition is essential to keep the continuously
renewing incisor DESCs in check (Okubo et al., 2006; Kelberman
et al., 2008; Hashimoto et al., 2012; Sun et al., 2016). Intriguingly,
Sox2 has also been shown to lie downstream of Wnt/β-catenin
signaling which may promote or inhibit Sox2 expression
depending on the context (Okubo et al., 2006; Hashimoto et al.,
2012; Wang et al., 2013; Sun et al., 2016; Yamakami et al.,
2016). The finding of a Wnt-responsive Lgr5+ subpopulation
in the Sox2+ DESCs, as well as the (potential) feedback signals
from the niche (e.g., Shh and SFRP5 from the DESC progeny),
indicate the presence of a complex interactive system regulating
stemness phenotype and function in the incisor epithelium. Of
note, some studies have reported conflicting results, indicating
activation (and not inhibition) of both canonical and non-
canonical Wnt/β-catenin pathway in SOX2+ DESCs from mouse
molars and incisors (Lee et al., 2016; Sanz-Navarro et al., 2018).

Together with the knowledge that, at previous developmental
stages, both Wnt (hyper)activation and inhibition severely
impair odontogenesis, and the fact that we currently lack
data on the effect of Wnt inhibition on DESCs, it remains
premature to draw firm conclusions on the role of Wnt/β-catenin
signaling in DESCs.

Wnt/β-Catenin and Shh Signaling in
Dental Mesenchymal Stem Cells
It was long thought that the complete dental mesenchyme
is solely derived from the cranial neural crest-derived
ectomesenchyme (Miletich and Sharpe, 2004; Kaukua et al.,
2014). However, it has recently been shown that both perivascular
(i.e., pericytes) and glial cells (i.e., Schwann cells and Schwann
cell precursors), also derived from the neural crest, can generate
dental mesenchymal stem cells (DMSCs) which give rise to dental
pulp and dentin-producing odontoblasts in a similar fashion as

cranial neural crest (Feng et al., 2011; Kaukua et al., 2014; Yianni
and Sharpe, 2019). The origin and diversity of DMSCs has been
amply discussed in other reviews (Sharpe, 2016; Svandova et al.,
2020). Here, we will focus on recent findings related to Wnt and
Shh signaling in DMSCs.

As found in DESCs and its TA progeny, Gli1 is a marker of
a quiescent population of DMSCs situated apically in between
the laCL and liCL that continuously give rise to mesenchymal TA
cells that contribute to the dental pulp and odontoblast lineages
throughout the animal’s lifespan (Zhao et al., 2014; Krivanek
et al., 2020). In incisors, Gli1+ DMSCs surround the incisor
arteries and neurovascular bundle, and sensory neuron-derived
Shh was shown to be a key regulator of DMSC homeostasis
(Zhao et al., 2014). In concordance with the DESC niche,
Gli1+ DMSCs and their TA cells represent juxtaposed, non-
overlapping populations (Zhao et al., 2014; Jing et al., 2021).
A recent study uncovered that the TA cells are characterized by
Axin2 expression and activated Wnt/β-catenin signaling, found
crucial for TA cell proliferation and regulated epigenetically
by the polycomb repressive complex 1 (PRC1) (An et al.,
2018). Moreover, the TA cells play an essential role in the
maintenance of the DMSC population via feedback signals. Of
note, PRC1 has also been found to be a crucial regulator during
molar root development, potentially via analogous mechanisms
(Lapthanasupkul et al., 2012).

Several reciprocal interactions exist between the DMSCs
and TA cell populations. Insulin-like growth factor 2 (IGF2)
is secreted by Gli1+ DMSCs which activates Wnt/β-catenin
signaling (e.g., increased Axin2 expression) in TA cells via the
IGF1 receptor (IGF1R), resulting in TA cell proliferation (Chen
et al., 2020). Deletion of Wls in Axin2+ TA cells results in a
reduction of both Axin2+ TA and Gli1+ DMSCs, indicating
autocrine and paracrine feedback roles for TA cell-derived
Wnt signals (such as TA-expressed Wnt10a or Wnt5a) (Jing
et al., 2021). Deletion of Wnt5a from the Axin2+ TA cells,
or of its receptor Ror2 [receptor tyrosine kinase (RTK)-like
orphan receptor 2] from Gli1+ DMSCs both resulted in a
reduction of Gli1+ DMSCs and label-retaining cells, as well
as disturbed dentinogenesis (Jing et al., 2021). Of note, a
recent study further validated the requirement of ROR2 during
dentinogenesis, as mesenchymal deletion of Ror2 impaired
odontoblast differentiation and led to shortened roots (Ma et al.,
2021). Together, the findings support the existence of feedforward
and -backward signaling between DMSCs and TA cells. Finally,
Gli1+ DMSCs and Axin2+ progenitors are also found in other
tooth compartments such as the PDL where they contribute
to cementogenesis, or in developing molars, thus suggesting
that identified mechanisms may be conserved in various DMSC
populations throughout the tooth (Feng et al., 2017; Xie et al.,
2019, 2021; Hosoya et al., 2020a).

CONCLUSION AND RELEVANCE TO
HUMAN TOOTH DEVELOPMENT AND
OTHER FIELDS

It is clear that Wnt/β-catenin and Shh signaling must be
tightly balanced throughout the different stages of mouse tooth
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TABLE 1 | Wnt and Shh pathway components mutated in human diseases with dental pathology.

Gene mutated Pathway effect Disease References

APC Wnt hyperactivation - Gardner syndrome, Familial Adenomatous Polyposis 1
(MIM 175100)
- Odontogenic carcinoma.

Half et al., 2009; Siriwardena et al., 2009

AXIN2 Wnt hyperactivation Familial, non-syndromic hypodontia/tooth agenesis Lammi et al., 2004; Mostowska et al., 2006;
Yu et al., 2019

CTNNB1 Wnt hyperactivation - Ameloblastoma.
- Odontogenic carcinoma.
- Calcifying odontogenic cysts.
- Adamantinomatous craniopharyngioma.

Sekine et al., 2002, 2003; Kawabata et al., 2005;
Siriwardena et al., 2009; Brown et al., 2014;
Yukimori et al., 2017

DKK1 Wnt hyperactivation Familial, non-syndromic tooth agenesis Liu et al., 2012; Dinckan et al., 2018;
Yu et al., 2019

DVL1 Wnt inactivation Robinow syndrome, autosomal dominant 2 (MIM 616331) White et al., 2015

DVL3 Wnt inactivation Robinow syndrome, autosomal dominant 3 (MIM 616894) White et al., 2016

FZD2 Wnt inactivation
(non-canonical)

Omodysplasia 2 (MIM 164745); Robinow syndrome-like Nagasaki et al., 2018; White et al., 2018

GLI2 Shh inactivation Holoprosencephaly (9) with solitary median maxillary incisor
(MIM 610829)

Roessler et al., 2003

GLI3 Shh inactivation Familial, non-syndromic hypodontia/tooth agenesis Liu et al., 2012

KREMEN1 Wnt hyperactivation Ectodermal dysplasia 13, hair/tooth type (MIM 617392) Issa et al., 2016; Dinckan et al., 2018

LRP4 Wnt hyperactivation Cenani-Lenz syndrome with dental anomalies (MIM 212780) Li et al., 2010

LRP6 Wnt inhibition Familial, non-syndromic tooth agenesis Massink et al., 2015; Dinckan et al., 2018;
Yu et al., 2019

NXN Wnt inactivation
(non-canonical)

Robinow syndrome, autosomal recessive 2 (MIM 618529) White et al., 2018

PORCN Wnt inhibition Focal Dermal Hypoplasia (MIM 305600) Bornholdt et al., 2009; Froyen et al., 2009

PTCH1 Shh activation - Ameloblastoma.
- Basal cell nevus syndrome with odontogenic keratocysts
(MIM 601309 and 109400).

Kawabata et al., 2005; Guo et al., 2013;
Shimada et al., 2013

PTCH2 Shh activation Basal cell nevus syndrome with odontogenic keratocysts
(MIM 603673 and 109400)

Fujii et al., 2013

ROR2 Wnt inactivation
(non-canonical)

Robinow syndrome, autosomal recessive 1 (OMIM 268310) Afzal et al., 2000; van Bokhoven et al., 2000;
Mazzeu et al., 2007

SHH Shh inhibition Holoprosencephaly (3) with solitary median maxillary incisor
(MIM 147250)

Nanni et al., 2001; Lami et al., 2013

SMO Shh activation Ameloblastoma Brown et al., 2014; Sweeney et al., 2014

SUFU Shh activation Basal cell nevus syndrome with odontogenic keratocysts
(MIM 607035 and 109400)

Pastorino et al., 2009; Shimada et al., 2013

WNT10A Wnt inhibition - Familial, non-syndromic tooth agenesis
- Odonto-onycho-dermal dysplasia (MIM 257980)
- Schöpf-Schulz-Passarge syndrome (MIM 224750)

Bohring et al., 2009; van den Boogaard et al.,
2012; Arte et al., 2013; Song et al., 2014;
Dinckan et al., 2018; Yu et al., 2019

WNT10B Wnt inhibition Familial, non-syndromic tooth agenesis Yu et al., 2016, 2019

WNT5A Wnt inactivation
(non-canonical)

Robinow syndrome, autosomal dominant 1 (MIM 180700) Person et al., 2010; Roifman et al., 2015

development. Both inactivation and hyperactivation of each
one of these pathways lead to dental aberrations resulting in
dysmorphic, missing or supernumerary teeth. Unfortunately,
studies supporting these in-depth mouse-based findings in
humans are sparse and are typically limited to gene and protein
expression analysis, lacking mechanistic insight. However, also
in humans, Wnt/β-catenin-activating and -inhibiting mutations,
as well as mutations in components of the Shh pathway,
have been linked to various tooth phenotypes (Table 1),
thereby corroborating a key importance of these pathways
during human tooth development. Mutations in these pathway
components are mostly related to either familial, non-syndromic

forms of tooth agenesis (including oligo- or hypodontia), or
syndromic diseases with a dental phenotype, often representing
a type of ectodermal dysplasia (i.e., syndromes characterized
by defects in tissues of ectodermal origin such as teeth, hair,
sweat glands, nails, eyes, mucous membranes and the central
nervous system).

Our integrative review may also fertilize the field of
dental tissue engineering and regeneration in which the
discussed Wnt/β-catenin-Shh principles can be applied to
achieve biomimetic structures (e.g., in combination with scaffold-
based tissue engineering or organoid/assembloid approaches).
However, as shown by the numerous studies discussed in the
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review, both pathways are very precisely regulated in time and
space which will make clinical translation very challenging.
Finally, given the highly similar development of tooth and
other ectoderm-derived tissues (such as hair follicles, mammary
glands, salivary glands, and palate), we expect that aspects and
principles highlighted and discussed here will also be valuable for
these other fields.
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