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Tumors: A New Point of View
Giovanni Manzo*
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Here, I propose that cancer stem cells (CSCs) would be equivalent to para-embryonic
stem cells (p-ESCs), derived from adult cells de-re-programmed to a ground state.
p-ESCs would differ from ESCs by the absence of genomic homeostasis. A p-ESC
would constitute the cancer cell of origin (i-CSC or CSC0), capable of generating an
initial tumor, corresponding to a pre-implantation blastocyst. In a niche with proper
signals, it would engraft as a primary tumor, corresponding to a post-implantation
blastocyst. i-CSC progeny would form primary pluripotent and slow self-renewing
CSCs (CSC1s), blocked in an undifferentiated state, corresponding to epiblast cells;
CSC1s would be tumor-initiating cells (TICs). CSC1s would generate secondary CSCs
(CSC2s), corresponding to hypoblast cells; CSC2s would be tumor growth cells (TGCs).
CSC1s/CSC2s would generate tertiary CSCs (CSC3s), with a mesenchymal phenotype;
CSC3s would be tumor migrating cells (TMCs), corresponding to mesodermal
precursors at primitive streak. CSC3s with more favorable conditions (normoxia),
by asymmetrical division, would differentiate into cancer progenitor cells (CPCs), and
these into cancer differentiated cells (CDCs), thus generating a defined cell hierarchy and
tumor progression, mimicking somito-histo-organogenesis. CSC3s with less favorable
conditions (hypoxia) would delaminate and migrate as quiescent circulating micro-
metastases, mimicking mesenchymal cells in gastrula morphogenetic movements.
In metastatic niches, these CSC3s would install and remain dormant in the presence
of epithelial/mesenchymal transition (EMT) signals and hypoxia. But, in the presence
of mesenchymal/epithelial transition (MET) signals and normoxia, they would revert to
self-renewing CSC1s, reproducing the same cell hierarchy of the primary tumor as
macro-metastases. Further similarities between ontogenesis and oncogenesis involving
crucial factors, such as ID, HSP70, HLA-G, CD44, LIF, and STAT3, are strongly
evident at molecular, physiological and immunological levels. Much experimental data
about these factors led to considering the cancer process as ectopic rudimentary
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ontogenesis, where CSCs have privileged immunological conditions. These would
consent to CSC development in an adverse environment, just like an embryo, which
is tolerated, accepted and favored by the maternal organism in spite of its paternal
semi-allogeneicity. From all these considerations, novel research directions, potential
innovative tumor therapy and prophylaxis strategies might, theoretically, result.

Keywords: HSP70, HLA-G, ESCs, MSCs, CSCs, tumor hierarchy/immunoevasion/therapy/prophylaxis

INTRODUCTION

Nearly 30 years ago, I proposed that cancer stem cells (CSCs)
would be cells blocked at early steps of their genic program,
with reiterated expression of embryonic factors responsible
for malignant characters and loss of differentiated factors for
terminal genomic homeostasis: thus, CSCs would be equivalent
to para-embryonic stem cells (p-ESCs) (Manzo, 1989). The main
aspects of stem cells (SCs) are self-renewal, pluripotency (Liu
et al., 2007) and the need for a niche (Plaks et al., 2015)
with proper stereotrophic factors (space, oxygen) and persistent
specific signals (ACTIVIN-A, BMP, WNT, LIF, FGF, TGFb)
(Okita and Yamanaka, 2006; Xiao et al., 2006).

ESCs arise from the inner cell mass (ICM) of mammalian
pre-implantation blastocyst (Henderson et al., 2002; Ginisa
et al., 2004; Figure 1B); they can self-renew symmetrically and
indefinitely, maintain the widest pluripotency and generate all
cell lineages of the body. This phenomenon requires defined
transcription factors (TFs) specifically expressed in SCs, such as
OCT4, SOX2, NANOG, STAT3, KLF4, c-MYC et al., that together
constitute a pluripotency gene regulatory network (PGRN)
(HaKashyap et al., 2009; Do et al., 2013; Festuccia et al., 2013).
Human ESCs (hESCs) and human embryos express comparable
stage-specific embryonic antigens (Henderson et al., 2002) and
can differentiate into the trophectoderm (TE) by BMP4 (Xu
et al., 2002; Figure 1B). hESCs are epithelial cells (Ullmann
et al., 2006), but during in vitro differentiation they can acquire
a mesenchymal phenotype (Eastham et al., 2007).

MSCs (mesenchymal stem cells) have a mesenchymal
phenotype and markers (Ullmann et al., 2006; Eastham
et al., 2007; Thiery et al., 2009). MSCs, in Matrigel, grow
at the periphery of hESC clusters, have an undifferentiated
phenotype and preserve potential expression of pluripotency
TFs such as NANOG and OCT4. This indicates that ESCs can
undergo epithelial–mesenchymal transition (EMT) without loss
of pluripotency, which would be expressed after mesenchymal–
epithelial transition (MET) (Ullmann et al., 2006; Thiery et al.,
2009). Cells with mesenchymal features largely lie at the primitive
streak (PS) in the embryo and in the tumor stroma (Thiery et al.,
2009; Nishimura et al., 2012; Figure 1C).

CSCs are tumor cells that are able to generate all the cell
types present in the primary tumor and to form metastases,
with identical cell types and hierarchy (Marjanovic et al., 2013;
Cabrera et al., 2015). CSCs are a small portion of the tumor mass
(Collins et al., 2005; Liu et al., 2014) and are often distinct in
tumor-initiating cells (TICs) and tumor migrating cells (TMCs)
(Hermann et al., 2007; Biddle et al., 2011). TICs have an epithelial
phenotype and are able to grow in an anchorage-independent

way, to produce spheroids in vitro by self-renewal and to initiate
tumor development. TMCs have a mesenchymal phenotype,
are free, migrating, invasive and generally quiescent, but are
able to generate metastases (Dieter et al., 2011; Brabletz, 2012;
Liu et al., 2014).

Therefore, cells with ESC, MSC, and CSC features are at the
basis of both embryo development and cancer process (Figure 2).

THE TUMOR PROCESS AS ECTOPIC
RUDIMENTARY ONTOGENESIS

Cell of Origin (CSC0): Initial Cancer Stem
Cell (i-CSC) as a Reprogrammed
Para-ESC
Reprogramming would be the main mechanism for genesis and
proliferation of the initial i-CSC (CSC0): it has been shown
that somatic cell reprogramming requires a MET at its initiation
(Li et al., 2010; Samavarchi-Tehrani et al., 2010), with subsequent
reversal to a self-renewal and pluripotency state (Silva et al., 2008;
Nichols and Smith, 2009; Gillich et al., 2013). Thus, I propose
that i-CSCs would be equivalent to ESCs, with one important
difference: while an ESC has an integral genic program, an i-CSC
would have a program impaired in terminal genome homeostasis
(Katoh, 2007; Silva et al., 2008). In this model, an i-CSC would
be a p-ESC (Figure 3). At a molecular level, iCSC genesis
would presumably require the following steps in the original
cell: (a) De-programming (de-differentiation), by impairment
of the systems of genomic homeostasis, carried out by growth
modulators (p16, p21, p53, p27, E2A, pRb) (Prabhu et al.,
1997; Ouyang et al., 2002; Menendez et al., 2010; Tapia and
Schöler, 2010) and/or by specific autocrine and paracrine signal
pathways (WNT, BMP, LIF, FGF, ERK, TGFb) (Sato et al., 2004;
Katoh, 2007; Scheel et al., 2011; Chen et al., 2015), with a
consequent differentiation loss and reversal to a previous more
primitive (mesenchymal/epithelial/undifferentiated) state (Silva
et al., 2008; Schwitalla et al., 2013). (b) Stable PGRN reactivation,
by de-regulation of the activity of defined genes (NANOG,
OCT4, SOX2, STAT3, ID), with reacquisition of self-renewal
and pluripotency (Silva et al., 2008; Do et al., 2013; Yin et al.,
2015). (c) Reprogramming, through ID1 gene expression, that
prevents i-CSC/CSC0s (p-ESCs) and their direct progeny from
normally differentiating (“blocking event”) (Ying et al., 2003;
Wang et al., 2012; Nair et al., 2014). ID proteins associate
with ubiquitous E proteins, preventing their DNA binding and
differentiation activity (Ruzinova and Benezra, 2003; Wang
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FIGURE 1 | Human Embryo development. Main phases and structures of the embryogenesis process. (A) Zygote to morula transition; (B) pre-implantation
blastocyst; (C) implanted blastocyst; (D) early gastrula; (E) late gastrula; (F) somito-histo-organogenesis; (G) fetal growth-differentiation.
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FIGURE 2 | Theoretical similarities between cancer process and ontogenetic development. Correspondence of steps and structures between the cancer process
and embryo development.

and Baker, 2015). ID1 constitutive expression determines neo-
angiogenesis, survival, anti-apoptosis and invasion/migration,
both in cancer and embryo development.

Thus, I suggest an iCSC/p-ESC model for the tumor initiation.

Primary Cancer Stem Cells (CSC1s) as
Epiblast Cells
Once generated, i-CSC/CSC0s would survive and symmetrically
proliferate early in an anchorage-independent way. Due to its
presumed nature as a p-ESC, an i-CSC/CSC0, like an ESC,
could generate all cell lineages of the body and, therefore,
an initial structure similar to a pre-implantation blastocyst

in vivo (Figure 1B), or a tumorsphere in vitro (Figure 3;
Johnson et al., 2013), that is able to implant in a surrounding
microenvironment (niche) (Stewart et al., 1992), where ID1
proteins would synchronize stemness and anchorage to the niche
(Niola et al., 2012). Here, the p-ESC direct progeny would
proliferate in an anchorage-dependent way, with an autocrine
symmetric mechanism, generating primary cancer stem cells
(CSC1s), presumably corresponding to epiblast cells (Figure 1C).
CSC1s would form a “tumor germinal center” that continuously
feeds the neo-forming tumor (Figures 2, 3). CSC1s would
be blocked in a pluripotent undifferentiated/epithelial state
(p-ESCs/p-Epi-SCs) (Nichols and Smith, 2009; Gillich et al.,
2013), owing to NANOG, OCT4, SOX2, and STAT3 (PGRN)
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FIGURE 3 | Theoretical cancer process. A normal differentiated cell (NDC), in the absence of genomic homeostasis, would be de-programmed and re-programmed
to a para-ESC (p-ESC), constituting the initial cancer stem cell (i-CSC or CSC0). (1) An i-CSC, by anchorage-independent proliferation, would generate p-ESC
progeny, forming an initial tumor in vivo (1-red) (or a tumorsphere in vitro), corresponding to a pre-implantation blastocyst (TE/ICM). (2) The initial tumor would install
in a niche with proper factors and develop a primary tumor, mimicking an implanted blastocyst in the endometrium. (3) By PGRN activity, primary undifferentiated,
pluripotent, slow self-renewing CSCs (CSC1s/TICs) would arise. CSC1s, epigenetically blocked in a ground/primed state, corresponding to the epiblast state, would
form a “tumor germinal center,” continuously feeding the tumor. (4) Through autocrine/paracrine growth, from CSC1s, committed non-self-renewing secondary
CSCs (CSC2s) would arise. CSC1s and CSC2s, together, would form a “tumor growth nucleus” corresponding to the epiblast/hypoblast state. (5) From
CSC1s/CSC2s, tertiary CSCs (CSC3s), with a mesenchymal phenotype (EMT), would be generated. CSC3s would be able to migrate and invade adjoining sites,
mimicking delamination of mesodermal precursors at the primitive streak. CSC1s, CSC2s, and CSC3s, together, would form a “tumor expansion module”. In the
growing primary tumor, favorable conditions (normoxia) would induce CSC3s to proliferate asymmetrically and generate CPCs and, then, CDCs. This would
determine a CSC1-CSC2-CSC3-CPC-CDC cell hierarchy and tumor progression, thus mimicking a partial, rudimentary somito-histo-organogenesis process. (6) In
parallel, unfavorable conditions (hypoxia) would induce CSC3s to migrate as circulating micro-metastases, mimicking the gastrula morphogenetic movements. (7) In
distant niches with proper EMT signals, CSC3s in the niche would locate as quiescent micro-metastases, mimicking embryonic locations of mesodermal cells at
somitogenesis sites. (8) Micro-environmental proper MET signals, would induce mesenchymal CSC3 to revert, into epithelial self-renewing CSC1s mimicking
gastrular induction (TICs). Self-renewing CSC1s, as TICs, would form a new tumor germinal center and re-initiate the tumor process in metastatic sites, repeating the
same steps and reproducing the same cell types and hierarchy of the primary tumor. Tumorsphere figure was adapted from Bond et al. (2013).

overexpression (Wen et al., 2010; Miyanari and Torres-Padilla,
2012), or to other genomic conditions inducing ID1 constitutive
expression (Ruzinova and Benezra, 2003; Ying et al., 2003; Nair
et al., 2014). CSC1s would express self-renewal and pluripotency
markers (ALDH1, CD44, CD133) (Wakamatsu et al., 2012). The
number of CSC1s would be low, stable and strictly controlled by
the “niche contact”, as a limiting factor. ALDH1+ CD44+ Ki67+
CSCs, detected in a central position in mammary tumors, might
be hypothetical CSC1s, constituting about 0.084% of the tumor

mass (Liu et al., 2014). CSC1s would be TICs, like the identified
small population of “slow-cycling melanoma cells,” essential for
continuous tumor growth (Roesch et al., 2010), or the “long-term
renewing” TICs (LT-TICs), that drive tumor feed and metastasis
formation in colon cancer (Dieter et al., 2011).

Thus, I propose that tumor initiation and growth
might be continuously sustained by cells (CSC1s)
with features (pluripotency and self-renewal) typical of
epiblast cells.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 March 2019 | Volume 7 | Article 208

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


fcell-07-00020 March 5, 2019 Time: 19:7 # 6

Manzo Embryo and Cancer: Surprising Parallelism

Secondary Cancer Stem Cells
(CSC2s) as Hypoblast Cells
When niche contact becomes limiting, only one CSC1 daughter
could retain maternal place and phenotype, while the other
could acquire a new epithelial phenotype (CSC2) (Ezashi
et al., 2005; Quail et al., 2012). CSC2s would correspond to
hypoblast cells (Figure 1C) and therefore they would not have
self-renewal and pluripotency, differently to CSC1s. However,
CSC2s might, eventually, revert to CSC1s when a niche contact
becomes available (Ezashi et al., 2005; Quail et al., 2012).
The CSC2 phenotype could occur via the LIF-STAT3-RAS-
MAPK-ERK-MYC-ID2 pathway, by NANOG inhibition (Kunath
et al., 2007; Yamanaka et al., 2010), ID1/2 switching, loss of
stemness/pluripotency (Itahana et al., 2003; Park et al., 2013)
and acquisition of fast paracrine growth (Iavarone et al., 1994).
Hypothetical CSC2s might be the CSCs with an ALDH1+ CD44−
Ki67+ profile detected in mammary tumors (Liu et al., 2014).
The “tumor transient-amplifying cells” (T-TACs) with limited
or no self-renewal in human colon cancer, and the “rapidly
proliferating main population” surrounding the previously
mentioned “slow-cycling melanoma cells” (Roesch et al., 2010;
Dieter et al., 2011) also could be hypothetical CSC2s. The CSC2
number would be related to the niche volume, nutriments and
oxygen quantities (Ezashi et al., 2005; Mohyeldin et al., 2010;
Quail et al., 2012): in mammary carcinomas, ALDH1+ CD44−
Ki67+ CSCs (CSC2s) constitute about 5.54% of the tumor mass
and lie in a sub-central site, physically distinct from ALDH1+
CD44+ Ki67+ CSCs (CSC1s) (Liu et al., 2014). CSC1s and CSC2s,
together, would form a presumable “tumor growth nucleus”
responsible for tumor expansion (Figure 3).

Thus, I think that tumor growth might result from
an autocrine/paracrine signaling-driven proliferation of cells
(CSC2s) with features typical of hypoblast cells.

Tertiary Cancer Stem Cells (CSC3s)
as Mesoderm Precursor Cells
When the niche microenvironment becomes limiting for growth,
certain stereotrophic factors, such as hypoxia, and particular
autocrine or paracrine signals (LIF, STAT3, TGFb, WNT,
NOTCH) (Ezashi et al., 2005; Mohyeldin et al., 2010; Scheel et al.,
2011) could induce CSC1s/CSC2s to generate a new phenotype
(CSC3), that is able to migrate, invade and search for more
favorable survival conditions elsewhere (Sahlgren et al., 2008;
Conley et al., 2012; Tiwari et al., 2012). This phenotype would
have mesenchymal features, that would result as a downstream
effect of the STAT3-RAS-MAPK-ERK-MYC pathway, regulating
ID3/E47 interactions and promoting tumor cell migration and
invasion (Bain et al., 2001) through expression of mesenchymal
genes such as MMPs, SNAIL1, TWIST1, and PRRX1. The CSC3
phenotype would be the result of an EMT that recalls the
EMT of mesoderm precursors at the PS (Figures 1D,E). STAT3-
SNAIL1 would confer delamination, migration and invasive
properties to CSC3s, as TMCs (Barrallo-Gimeno and Nieto,
2005; Thiery et al., 2009; Kamran et al., 2013; Yin et al., 2015).
TWIST1 would increase their invasive properties and, together
with PRRX1, would favor installation as micro-metastases in

metastatic niches (Yang et al., 2008; Eckert et al., 2011; Tran
et al., 2011; Ocaña et al., 2012), thus presumably mimicking the
onset of somitogenesis at gastrulation sites. ALDH1− CD44+
Ki67− CSCs, shown within mammary tumors and located in a
peripheral position, at the invasive front, would be presumable
CSC3s, constituting about 12.87% of the tumor mass (Liu
et al., 2014). CSC1s, CSC2s, and CSC3s, together, would form
a “tumor progression module” (Figures 2, 3). I hypothesize
that, here, CSC3s with more favorable stereotrophic conditions
(normoxia) would become TWIST1+ CSC3s, that is able to
install and proliferate asymmetrically via ID3/E47, generating
more differentiated oligopotent cancer progenitor cells (CPCs).
CPCs, in turn, would yield further differentiated cancer cells
(CDCs) (Ezashi et al., 2005; Cakouros et al., 2010; Mohyeldin
et al., 2010). The resulting CSC1s/CSC2s/CSC3s/CPCs/CDCs,
together, would mimic an ectopic, rudimentary somito-histo-
organogenesis process (Figure 1F), and would account for the
cell hierarchic heterogeneity in tumor progression (Figure 2),
where CSCs would be surrounded and protected by CPCs
and CDCs (Marjanovic et al., 2013; Liu et al., 2014; Cabrera
et al., 2015; Figure 3). On the contrary, CSC3s with less
favorable stereotrophic conditions (hypoxia) would undergo
EMT, becoming SNAIL1+ CSC3s, that would be induced
to delaminate and migrate as quiescent circulating micro-
metastases (Ezashi et al., 2005; Sahlgren et al., 2008; Mohyeldin
et al., 2010; Conley et al., 2012; Tiwari et al., 2012; Figure 3).

Thus, I propose that tumor progression might occur by
appearance of cells (CSC3s) with features of mesoderm precursor
cells, that are able to migrate, invade and colonize new sites.

Micro-Metastases and Macro-
Metastases as Localization, Induction,
and Growth of Gastrula Migrating Cells
After installation as micro-metastases in defined metastatic
sites (Arvelo et al., 2016), by specific niche signals, SNAIL1+
CSC3s would undergo MET (Chaffer et al., 2006; Brabletz,
2012; Ocaña et al., 2012; Teo et al., 2014), reverting to
self-renewing CSC1s (TICs), that are able to finally generate
macro-metastases (Figures 2, 3). Development of macro-
metastases would occur via a hypothetical bidirectional genic
system TWIST1/ID3/E47/ID1/PRRX1/CD44/PGRN, balanced
by TGFb (Gupta et al., 2007; Bourguignon et al., 2012; Ocaña
et al., 2012; Stankic et al., 2013; Teo et al., 2014; Wang and
Baker, 2015). This system would form a genic switch point in
(re)programming: back, for stemness (MET) via PRRX1-CD44-
PGRN-ID1 and, forward, for growth-differentiation via ID3-
E47-TWIST1 (Stankic et al., 2013). This would lead, in macro-
metastases, simultaneously to self-renewal, angiogenesis and
differentiation growth, like in the primary tumor. Presumably,
PRRX1 downregulation would suppress the mesenchymal state,
restoring the epithelial state (MET) through PGRN reactivation
via CD44-ID1. It has been shown that downregulation of PRRX1
expression is necessary for micro-metastases to undergo MET
and generate macro-metastases (Brabletz, 2012; Ocaña et al.,
2012; Hirata et al., 2015), conferring TIC properties to quiescent
CSC3s via an ID3/E47/ID1 switch (O’Brien et al., 2012; Hirata
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et al., 2015; Wang and Baker, 2015; Figure 3). ID1 and ID3
are necessary for TIC functions in the genesis of both primary
tumors and metastases, sustaining proliferation in early stages
via p21 (Gupta et al., 2007; O’Brien et al., 2012). Moreover,
ID1 and ID3 are required for angiogenesis and vascularization
of tumor xenografts (Lyden et al., 1999), necessary for macro-
metastasis development. TGFb/ID1 signals promote metastatic
colonization via a MET, antagonizing TWIST1 EMT (Gupta et al.,
2007; Stankic et al., 2013) in normoxic metastatic sites, but not
in hypoxic primary tumor sites (Mohyeldin et al., 2010), where
EMT is governed by SNAIL1 (Stankic et al., 2013). I hypothesize
that EMT/MET switching could occur through ID3/E47/ID1
balance (Bain et al., 2001; Cubilio et al., 2013; Bohrer et al., 2015;
Wang and Baker, 2015) and that it could involve ID3b and ID1b
isoforms, generated by alternative splicing of the ID1 and ID3
genes (Deed et al., 1996; Tamura et al., 1998).

CRUCIAL MOLECULAR FACTORS
COMMON TO EMBRYOS AND CANCER

Pre-implantation Embryos/Initial
Tumors (Initiation)
Pre-implantation embryos lie in unfavorable nutriment and
microenvironment conditions. Thus, it is necessary they reach
and are installed in a niche that is able to supply proper
stereotrophic factors for survival. To this end, molecules
such as HSP70, HLA-G, ID, and LIF are crucial both for
embryos and cancer.

ID Proteins - ID1, ID2, ID3, and ID4 proteins are highly
expressed in normal ontogenetic development, where their
function is associated with the primitive proliferative phenotype,
and regulate differentiation associating to ubiquitous E proteins
(Ruzinova and Benezra, 2003; Wang and Baker, 2015). Numerous
studies indicate that ID1, ID2, and ID3 have an oncogenic
function, whereas ID4 promotes the survival of adult SCs,
differentiation and/or differentiation time (Patel et al., 2015). ID
proteins are key regulators of CSCs and tumor aggressiveness
(Lasorella et al., 2014). During distinct stages of breast metastases,
ID proteins mediate phenotypic switching of CSCs (Stankic et al.,
2013) and control CSC niches in an autocrine/paracrine way
(Niola et al., 2012; Nair et al., 2014). ID1 has multiple roles
in cancer progression, such as implantation in primary and
metastatic niches, angiogenesis, CSC survival, chemoresistance,
growth, apoptosis inhibition and activation of WNT signaling
(Ling et al., 2006; Niola et al., 2012; Nair et al., 2014). In
particular, the ID1b isoform has been shown to maintain cell
quiescence, confer self-renewal and CSC-like properties, and
impair malignancy, inhibiting proliferation and angiogenesis
(Tamura et al., 1998; Nguewa et al., 2014; Manrique et al., 2015).
Thus, ID1b could be related to slow symmetrical self-renewal,
niche anchorage and pluripotency maintenance. The ID1a
isoform, on the contrary, could be related to fast asymmetrical
self-renewal, angiogenesis and evolutionary growth (Lyden
et al., 1999), allowing ID1/ID2 switching, with overcoming
of pluripotency and subsequent lineage commitment, like in

epi/hypoblast segregation. ID2 enhances cell proliferation by
binding pRb, an inhibitor of cell cycle progression, and is
directly repressed by p53 (Iavarone et al., 1994; Paolella et al.,
2011). A WNT-bCAT signal increases ID2 expression level and
the incidence of CSC-like phenotype, mediating the effects of
hypoxia on the breast and colorectal CSC hierarchy (Rockman
et al., 2001; Dong et al., 2016). I hypothesize that ID2 would
be involved in overcoming stemness/pluripotency, thus leading
to cell commitment and fast autocrine/paracrine growth, via
LIF-STAT3-RAS-MAPK-ERK-MYC (Park et al., 2003; Pankaj
et al., 2013), with ERK blocking NANOG-ID1 (Itahana et al.,
2003; Kunath et al., 2007; Park et al., 2013). ID1/ID2 switching
would occur via ID1-WNT/bCAT-ID2, induced by hypoxia
(Rockman et al., 2001), and might be related to the epi/hypoblast
and CSC1/CSC2 transitions. Moreover, ID2 expression might
lead, via RAS-MAPK-ERK, to the activation of ID3 genes
(Bain et al., 2001), with subsequent ID2/ID3 switching and
mesenchymal gene expression, namely to EMT. Because the
RAS-MAPK-ERK cascade regulates ID3/E2A (E47) interaction
(Bain et al., 2001), and ID3/E47 balance would determine
stem/precursor differentiation (Bohrer et al., 2015), and because
ID3 interacts with ID1 (Wang and Baker, 2015), I hypothesize
that ID3/E47/ID1 balance would be related to the potential
stemness of mesenchymal phenotypes, such as MSCs and CSC3s
(O’Brien et al., 2012; Cubilio et al., 2013; Teo et al., 2014; Bohrer
et al., 2015). In more detail, the ID3a isoform could be related
to overcoming of the CSC3 SNAIL1+ mesenchymal state and
to the stem/progenitor switch via TWIST1 (Cakouros et al.,
2010; Tran et al., 2011; Bohrer et al., 2015). ID3b isoforms,
on the contrary, would be related to the maintenance of the
SNAIL1+ mesenchymal state of dormant CSC3s and, thus, to
a potential EMT/MET switch for reversion to the CSC1 (TIC)
phenotype. Indeed, ID3b inhibits vascular formations (Deed
et al., 1996; Forrest et al., 2004) and, thus, the possibility of
macro-metastasis development, maintaining dormancy. ID4 acts
as an ID1/ID2/ID3 inhibitor and promotes E47 binding and
transcriptional activity in a differentiation direction (Umetani
et al., 2004; Yun et al., 2004; Sharma et al., 2015). ID4 is a potential
tumor suppressor (Umetani et al., 2004; Carey et al., 2009) and
suppresses MMP2-mediated invasion of glioblastoma-derived
cells by direct inactivation of TWIST1 (Rahme and Israel, 2015).
I hypothesize that ID4 might be related to terminal differentiation
growth, via E47, and to global genomic homeostasis (Umetani
et al., 2004; Sharma et al., 2015). Thus, ID proteins seem to be
crucial factors both in cancer and embryos.

HSP70 (heat shock protein 70 kDa) molecules are precociously
expressed in ontogenesis, from zygotic gene activation, through
blastulation, implantation, gastrulation, and organogenesis to
fetal maturation (Figures 1A–G) (Bensaude et al., 1983; Luft
and Dix, 1999). In early ontogenesis and oncogenesis, HSP70
could be a first system of protection and survival for pre-
implantation embryos, as well as for initial tumors. Protective
action of HSP70 for pre-implantation embryos might occur
at an endocellular level for preventing apoptosis (Samali and
Cotter, 1996); in effect, HSP70 knockdown renders embryonic
cells weaker and apoptotic (Neuer et al., 1998). A small amount
of HSP70.1-3 is necessary for pre-implantation embryogenesis
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(Luft and Dix, 1999). HSP70 pre-implantation expression
includes a constitutive component (HSC70 and HSP70.1-3) from
zygote to four-blastomer morula, and a component (HSP70.1-2)
inducible by heat and chemical agents in four- to eight-
blastomer morula and in blastocyst (Figures 1A,B) (Luft and
Dix, 1999). In adult normal tissues, HSP70s are normally
absent, except for transient expression in normal mitosis
(Stangl et al., 2011).

HSP70 deregulated overexpression is associated with tumor
transformation. In human tumor cells, global profiling of the
surface proteome has revealed HSP70.1-2 abundance (Stangl
et al., 2011). HSP70s are highly expressed in various tumor cell
types, thus rendered resistant to adverse microenvironments and
chemotherapy (Shu and Huang, 2008). In human melanoma cell
lines, HSP70.1-2 constitutive expression occurs (Dressel et al.,
1998). During tumor development, HSP70s can be expressed
on the cell surface or exported in the circulation (Shu and
Huang, 2008). Human tumor cell lines of colon, breast, lungs and
melanomas bind anti-HSP70.1 monoclonal antibodies (mAbs)
(Stangl et al., 2011); highly metastatic tumors, but not their
primary or poorly malignant counterparts, express membrane
HSP70 (mHSP70) (Stangl et al., 2011). mHSP70+ tumors actively
release lipidic vesicles (exosomes) with an HSP70+ surface
(Stangl et al., 2011). Therefore, I suggest that HSP70s might
constitute a first important system of protection and survival in
early ontogenesis and oncogenesis.

HLA-G (human leukocyte antigen-G) molecules could be a
second important system of protection and survival both for
initial embryos and cancer. HLA-Gs appear to be evolutionally
and genetically linked to HSP70s: heat shock, a major inductor
of HSP70.1-2 expression, and arsenite chemical shock also
induce HLA-G expression in tumor cell lines (Ibrahim et al.,
2000; Yao et al., 2005). In human pre-implantation embryos,
HLA-Gs are expressed as several isoforms, including HLA-
G1 and HLA-G5. HLA-G1s are already expressed in two- to
eight-blastomer embryos and in all blastocysts as membrane-
bound molecules (mHLA-G), whereas, HLA-G5s are expressed
only from the blastocyst onwards, as soluble forms (sHLA-
G) secreted in biological liquids, or generated by mHLA-G
shedding (Yao et al., 2005). HLA-Gs circulating in biological
fluids might also be associated with extracellular vesicles (EVs)
(Rebmann et al., 2016), containing too antigens, ligands,
receptors, cytokines, GFs, mRNAs, and miRNAs (da Silva
Nardi et al., 2016). Human pre-implantation embryos express
and secrete HLA-Gs, the level of which might be predictive
of their implantation capacity (Yao et al., 2005). HLA-Gs
orchestrate the early interaction of human trophoblasts with the
maternal niche (Gregori et al., 2015). HLA-Gs are expressed
early in human ICM and ESCs but, later, mainly in invasive
TE, and no more in ICM; after implantation, HLA-Gs are
expressed in hypoblast, but no longer in epiblast; yolk-sac
mesoderm, endothelial cells of developing vessels, mesenchymal
cells and progenitor cells express sHLA-Gs (Hunt et al., 2005;
Yao et al., 2005; Verloes et al., 2011) (Figure 1). During
pregnancy, sHLA-Gs can be detected in maternal serum. In
adult normal tissues, HLA-G constitutive expression is mainly
restricted to the fetal extravillous trophoblasts (EVTs), which

invade the maternal decidua, rich in NK cells and macrophages
(Tilburgs et al., 2015).

Tumor and mesenchymal cells also secrete HLA-Gs in EVs
(Yen et al., 2009; Burrello et al., 2016). Tumor cells utilize
EVs for dictating a defined phenotype to surrounding cells
(Naito et al., 2017). Recent data show that tumor EVs contain
molecules for intercellular communications (da Silva Nardi
et al., 2016; Rebmann et al., 2016), that act on and impair
the recipient immune cells, favoring immune evasion, initiation,
tumor development, angiogenesis, invasion, metastasis, CSC and
EMT preservation and chemoresistance (Sheu and Shih, 2010;
Kosaka, 2016). HLA-G expression has been shown in 22/33
primary tumor tissues of human ovarian carcinoma, but not in
normal tissue (Lin et al., 2007), and in 30% of surgically removed
melanoma lesions (Yan et al., 2005). In lung cancer, HLA-G1/5
upregulation associates with a high-grade histology, HLA-Ia loss
and immunosuppressive IL10 production (Urosevic et al., 2001).
Increased HLA-G expression correlates with immune evasion
during colorectal cancer progression (Fukushima et al., 1998) and
in gastric cancer (Du et al., 2011). These data might, thus, indicate
that, in general, in embryos and cancer, HLA-Gs and HSP70s
might act not only as protective shields in potentially adverse
environments (Sheu and Shih, 2010), but also as means for their
invasion and colonization (Yao et al., 2005). More in detail,
it seems that HLA-G1 is preferentially expressed precociously
and in more peripheral embryonic structures in an essentially
protective scope, whereas HLA-G5 is produced later and in
invasive embryonic structures and in tumor metastatic cells, in
order to favor protection, invasion, installation and development
in the host (Rouas-Freiss et al., 2007; Sheu and Shih, 2010).
HLA-Gs are induced by hypoxia via HIF-1a (Rebmann et al.,
2003) and are upregulated by IL10 with autocatalytic feedback
(Urosevic et al., 2001, 2002; Stankic et al., 2013). HLA-Gs induce
IL6 production (Urosevic et al., 2002), and thus activation of
the gp130-STAT3 pathway, regulating proliferation, invasion,
migration and angiogenesis (Kamran et al., 2013). In my opinion,
all these data suggest that HLA-G molecules could be key inter-
players and shared actors in the initiation and maintenance
of both embryogenesis and carcinogenesis. Particularly, HLG
together to HSP70, would represent an essential system for
protection and survival of both embryo and tumor.

Peri-Implantation Embryos/Primary
Tumors (Implantation and Growth)
Beyond a certain stage, a blastocyst might develop further only if
a supply of nutrients is possible from the outer environment: this
would implicate for the embryo the necessity of implantation in
the maternal uterus, and for initial tumors in a niche. Blastocyst
implantation occurs thanks to the structure and properties of
the syncytiotrophoblast (Figures 1C,D; Park et al., 2003) and to
a parallel maternal endometrium condition, suited to accepting
implantation. The process requires some crucial interacting
factors, such as LIF/LIFr, IL6/IL6r, IL10, IL11, GP130, JAK, and
STAT3, and correlated signal pathways, leading to the switch
from anchorage-independent to anchorage-dependent growth,
both in embryos and cancer.
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LIF/LIF-r, IL6/IL6-r, gp130-JAK-STAT3 - In peri-implan-
tation, LIF (leukemia inhibitory factor) is crucial: in LIF knockout
mice, blastocyst implantation does not occur; in women, LIF
strongly increases in the implantation window (Sherwin et al.,
2002; Aghajanova, 2004). Uterine expression of LIF coincides
with the onset of blastocyst implantation, and this depends on
maternal expression of LIF (Bhatt et al., 1991; Cheng et al., 2001;
Sherwin et al., 2002; Yue et al., 2015). LIF is essential for inducing
a receptive uterus, but not for embryogenesis (Chen et al., 2000).
LIF and LIFr expression in the human endometrium suggests
a potential autocrine/paracrine function in regulating embryo
implantation (Cullinam et al., 1996). In implantation, LIF carries
on its biological functions mainly by activation and regulation
of the JAK-STAT3, AKT, ERK1-2, and MAPK signal pathways,
inducing expression of integrin α5β1, that realizes implantation,
endothelial proliferation and endometrial vascularization (Cheng
et al., 2001; Sherwin et al., 2002; Park et al., 2003). LIF-
gp130-STAT3 is also linked to HLA-G expression through
IL6 and IL10 (Urosevic and Dummer, 2003; Yue et al.,
2015). In initial embryos, HLA-G expression is a fundamental
prerequisite for obtaining pregnancy: indeed, in in vitro-fertilized
human embryos, only those whose culture surnatant contains
sHLA-G are able to perform implantation (Fuzzi et al., 2002;
Alizadeh et al., 2016).

A LIF signal is also expressed at high levels in a wide
spectrum of human cancers, including melanomas, skin, kidney,
prostate, pancreas and breast cancer, where cell proliferation
is stimulated by paracrine and autocrine pathways, as in
embryo implantation (Cullinam et al., 1996; Kellokumpu-
Lehtinen et al., 1996). The amount of LIF secreted by a
tumor seems to regulate cancerogenesis (Guo et al., 2015);
LIF overexpression in breast cancer patients is significantly
associated with an unfavorable rate of survival without relapses
(Guo et al., 2015). High expression of LIFr identifies very
malignant melanocytic lesions at an early stage, and it
is a crucial condition for the nevus/implanted melanoma
transition (Guo et al., 2015). Analysis of 441 melanomas and
90 nevi showed low LIFr expression for all nevus stages,
whereas the presence of this receptor starts to increase in
dysplastic nevi, with significantly higher expression in primary
melanomas (implantation), and even higher in metastatic
melanomas (Guo et al., 2015), suggesting a striking correlation
between LIF/LIFr expression and oncogenesis. LIFr knockdown
inhibits melanoma cell migration in wound-healing tests
(Guo et al., 2015). In general, LIFr activation can promote
metastasis and increase the invasion potential of solid tumors
(Guo et al., 2015). In human colorectal cancer cells and
in solid tumors, hypoxia is an important factor inducing
LIF mRNA expression, mediated mainly by HIF-2a (Yue
et al., 2015). TGFb also induces expression of LIF mRNA;
LIF induction is important to maintain the self-renewal
of glioma-initiating cells and prevent their differentiation
(Yue et al., 2015). LIF binds to human breast cancer cells
and stimulates their proliferation (Estrov et al., 1999). I
hypothesize that in the tumor process, LIF/LIFr might be
at the basis of: (a) implantation of the primary tumor
(CSC1s) via gp130-JAK-STAT3-ID1, with self-renewal and

pluripotency (Niola et al., 2012); (b) subsequent paracrine growth
(CSC1s/CSC2s) via gp130-JAK-STAT3-RAS-MAPK-ERK-MYC-
WNT-ID2 (Cheng et al., 2001; Park et al., 2003); (c) genesis of
cells with a mesenchymal phenotype (CSC3s) via CD44-STAT3-
RAS-SNAIL1-MMPs-ID3-TWIST1 (Bain et al., 2001; Cheng
et al., 2006; Su et al., 2011; Zeilstra et al., 2014; Yan et al.,
2015). All these data clearly indicate that LIF/LIFr and related
signaling pathways are crucial in cancer initiation, implantation,
growth and diffusion, in a way that recalls their function in
embryo development.

Post-implantation Embryos/Metastatic
Tumors (Progression)
In the post-implantation embryo, at the PS, cells with a
mesenchymal phenotype appear, migrating between epiblast
and hypoblast cells (Figure 1D). The mesenchymal phenotype
also characterizes metastatic TMCs (Sahlgren et al., 2008;
Thiery et al., 2009; Ocaña et al., 2012). The main factors
that correlate with the embryonic mesenchymal state, tumor
metastases and progression include HLA-G, HSP70, hypoxia,
STAT3, CD44, SNAIL1, TWIST1, PRRX1, TGFb, WNT/bCAT,
ID, and MMPs. Mesenchymal progenitors derived from hESCs
(EMPs) express surface HLA-G1 (Yen et al., 2009). Mesenchymal
cells and progenitor cells also express HLA-Gs. IL10 selectively
induces HLA-G expression in human invasive trophoblasts and
monocytes (Moreau et al., 1999). In mesenchymal CSCs of kidney
cancer, HLA-Gs and EVs enhance metastasis and progression
(Grange et al., 2015). Highly metastatic tumors show the presence
of membrane HSP70s (Stangl et al., 2011). In progression of many
cancer types, migration is stimulated by the LIF-STAT3 pathway,
constitutively activated, that regulates proliferation, migration,
angiogenesis and metastasis (Kamran et al., 2013; Guo et al.,
2015). The mesenchymal phenotype is highly characterized by the
surface marker CD44.

CD44 is a cell-surface glycoprotein constituting a signal
platform that regulates the expression of genes related to
cell-matrix adhesion, migration, proliferation, survival and
differentiation in development (Okamoto et al., 1999; Williams
et al., 2013; Yan et al., 2015). The main CD44 receptor
is hyaluronic acid (HA), a component of the extracellular
matrix (ECM), that envelops tumor cells and bulk, regulating
proliferation and motility in cancer progression and metastasis
(Chanmee et al., 2015; Avnet and Cortini, 2016). The CD44-
STAT3 complex induces Cyclin D1, MMP9, HIF-a2, c-MYC,
TWIST1, cytoskeleton remodeling (Su et al., 2011; Yan et al.,
2015) and activation of RAS signaling (Cheng et al., 2006).
Expression of CD44s (standard) is ubiquitous, while CD44v
(variant) isoforms seem restricted to aggressive tumors (Zeilstra
et al., 2014). CD44s/CD44v switching is a critical event during
EMT (Yan et al., 2015).

CD44v (v3, v6, v8) isoforms are CSC markers and have
a crucial role in regulation of stemness, self-renewal, tumor
initiation, metastasis and chemoresistance (Bourguignon
et al., 2012; Chanmee et al., 2015; Yan et al., 2015; Avnet
and Cortini, 2016). A positive feedback loop couples RAS
activation and CD44v isoform expression (Cheng et al., 2006).
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CD44/osteopontin (the main component of metastatic niches)
interaction activates NANOG-STAT3, OCT4-SOX2-NANOG
and c-MYC, namely PGRN, and it is induced by hypoxia via
HIF-a1 (Krishnamachary et al., 2012; Pietras et al., 2014). CD44
transcription and cell growth are suppressed by p53 (Godar
et al., 2008). Thus, I hypothesize that CD44v could be a sort
of molecular trigger that is able to directly activate PGRN in
the initial MET for reprogramming (Su et al., 2011; Yan et al.,
2015) and, thus, a crucial factor in the generation of signaling for
the switch between mesenchymal and epithelial states, usually
occurring both in embryos and cancer.

IMMUNOLOGICAL ASPECTS COMMON
TO EMBRYOS AND CANCER: HOST
TOLERANCE AND FAVORING

HSP70s and HLA-Gs are able to strongly influence many
important functions of the immune system. Membrane HSP70s
affect NK cell cytotoxicity by acting as recognition/activator
ligands (Luft and Dix, 1999; Stangl et al., 2008), whereas HLA-
Gs are able to inhibit practically all immune system components
(NK, T, DC, and B cells) (Hofmeister and Weiss, 2003; Hunt
et al., 2005; Gros et al., 2008; Loumagne et al., 2014; Gregori
et al., 2015; Tilburgs et al., 2015; Lopatina et al., 2016). In
ESCs and pre-implantation embryos, mHLA-G and sHLA-
G block all the uterine immune cells, binding the KIR2DL4
inhibitory receptors on NK cells, and ILT2 (LILRB1) and
ILT4 (LILRB2) inhibitor receptors on all the leukocytes and
macrophages (Hofmeister and Weiss, 2003; Li et al., 2004;
Verloes et al., 2011; Tilburgs et al., 2015; Rebmann et al., 2016).
Both membrane and soluble HLA-Gs would confer immune-
suppressive properties to the cells producing them, in various
ways: (a) For HLA-G1, direct interaction with ILT2 and ILT4,
determining CD8+ T cell apoptosis, NK cell immobilization,
and impairment of monocyte/DC differentiation, with a high
production of IL4 and IL10 immunosuppressive cytokines
(Rebmann et al., 2003; Urosevic and Dummer, 2003; Gros
et al., 2008; Gregori et al., 2015; Rebmann et al., 2016).
Mesenchymal progenitors derived from hESCs (EMPs) strongly
suppress NK and T cells by HLA-G1 (Yen et al., 2009).
(b) For induction of cascade signaling and biological activity
in the host cells, thanks to the factors contained in EVs,
internalized by trogocytosis or pinocytosis (Rouas-Freiss et al.,
2007). CSCs cross-talk with MSCs through EVs containing
mRNA and miRNA, identified as the main factors responsible
for the phenotypic changes induced in the cells receiving EVs
(Lopatina et al., 2016). (c) For amplification of mechanisms
and conditions favorable to the cells releasing EVs, with
further involvement of other surrounding cells. In human
neuroblastomas, tumor cells instruct monocytes to produce and
release sHLA-G (Rouas-Freiss et al., 2003). HLA-G transfer from
antigen-presenting cells (APCs) to activated T cells has been
reported in embryos, with reversion of these cells to a regulator
phenotype blocking the allo-immune response (Rebmann et al.,
2016). A co-culture of activated decidual NK (dNK) cells or
peripheral NK (pNK) cells with EVTs results in mHLA-G initial

acquisition within 18 h, and complete acquisition in 36 h
(Tilburgs et al., 2015).

In tumors, HLA-Gs transfer quickly from APCs or cancer
cells to T and NK cells, and convert these cells into temporarily
suppressor HLA-G+ cells (Rebmann et al., 2003). Once acquired
by NK cells, HLA-Gs are degraded, and pNK cells revert to their
previous cytotoxic phenotype (Tilburgs et al., 2015). Both HLA-
G5 and HLA-G1 endocytosed by NK cells lead to NFkB pathway
activation and, finally, to transcription of immunosuppressor
(IL10) and pro-angiogenetic (IL6) factors (Rebmann et al., 2016).
It has been shown that pNK cells might acquire via trogocytosis
HLA-Gs from a transfected melanoma M8 cell line, and that,
after acquisition, NK cells are no longer cytotoxic and are
unable to realize immune synapses (Lesport et al., 2009; Tilburgs
et al., 2015). In gastric cancer, HLA-G overexpression associates
with immune escape and correlates with a local increase of T
regulatory cells (TREGs) (Du et al., 2011). NK cytolysis depends
on the amount of HLA-G1 expressed, that in malignant tumors
can go from 0 to 100%, with complete NK inhibition, reduced
local and systemic immunosurveillance and tumor progression
(Rebmann et al., 2003; Chen et al., 2013). HLA-G1s and HLA-
G5s have an additive suppressor effect on NK cytolysis dependent
on their level, but HLA-G5 is a more potent inhibitor (Zhang
et al., 2014). Within a population of HLA-G− tumor cells,
few HLA-G+ cells have significant immune inhibitory effects
(Lesport et al., 2009). HLA-G upregulation also occurs through
factors such as cytokines (IL10), stress and chemotherapeutic
demethylating agents (Rouas-Freiss et al., 2003; Yan et al., 2005).
IL10 upregulates HLA-G, that induces an immunosuppressive
Th2 profile (Urosevic et al., 2002; Rebmann et al., 2003), with
further IL10 increase in a vicious circle (Moreau et al., 1999).
Interaction of HLA-G+ cells with NK cells also enhances IL6
production, that induces angiogenesis and SC proliferation via
gp130-JAK-STAT3-OCT4. The inhibiting effects of HLA-G on
NK cells are eliminated by the action of IL15, IL2 and IL12
(Tilburgs et al., 2015). CSC immune evasion also occurs through
shedding of MIC-A/B, HSP70 and HLA-G1 (Ames et al., 2015).
It has been shown that highly metastatic tumors, but not
their primary or poorly malignant counterparts, are mHSP70+,
capable of shedding (Stangl et al., 2011). It is presumable that
a high number of molecules such as HSP70, HLA-G, and MIC-
A/B released in circulation could lead to ectopic activation and
subsequent neutralization of immune cells, without these coming
into contact with CSC targets (Stangl et al., 2011), thus favoring
diffusion of metastasis.

CURRENT ANTICANCER THERAPEUTIC
APPROACHES IN AGREEMENT WITH
THE I-CSC/P-ESC MODEL

Several current partially successful approaches for cancer therapy
are in agreement with the i-CSC/p-ESC model, targeting crucial
factors common to embryos and tumors, such as HSP70, HLA-G,
ID, LIF/LIFr, and CD44. CSCs seem to be preferential targets for
NK cells through upregulation of antigens (HSP70, MIC-A/B,
FAS, DR5) induced by stress, by which NK cells are capable
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of targeting (only) quiescent, non-proliferating cells (Ames
et al., 2015). Thus, in solid tumors, slow-renewing or quiescent
CSCs might be more easily killed by NK cells after depletion
of proliferating non-CSCs (CPCs) through anti-proliferative
therapies (Ames et al., 2015).

HLA-Gs are a valid target in cancer therapy (Lin and
Yan, 2015; Zhang et al., 2018); cytotoxicity studies show
that HLA-Gs drastically inhibit lysis of human ovarian
carcinoma cells, with subsequent immune evasion, and that
lysis can be restored by the conformational anti-HLA-G
mAb 87G (Tilburgs et al., 2015). Interestingly, dNK cells in
culture with IL2, IL12, and IL15 lose the acquired surface
HLA-Gs by internalization and degradation, reacquiring
cytolytic activity (Tilburgs et al., 2015). In breast cancer
patients treated with NACT (neo-adjuvant chemotherapy),
high levels of HLA-Gs/EVs before NACT correlate to tumor
progression and the presence of circulating tumor stem-like
cells, releasing EVs, while high sHLA-G levels (presumably
from tumor lysis) indicate a better clinical outcome (König
et al., 2016). HLA-G expression is induced in the melanoma
cell line OCM-1A after treatment with 5-aza-2’-deoxycytidine
(Yan et al., 2005).

Anticancer therapeutic approaches based on endocellular and
exocellular HSP70s have been carried out (Didelot et al., 2007;
Shu and Huang, 2008; Jego et al., 2010). It has been reported that
mHSP70+ tumors actively release lipid vesicles (exosomes) with
an HSP70+ surface, and that they can attract already activated
NK cells (but not resting NK cells) (Stangl et al., 2011), causing
their ectopic degranulation and neutralization. The TKD peptide
(14 amino acids common to all HSP70s), combined with IL2
low doses, has been found to stimulate NK cell migratory and
cytolytic activity against HSP70+ tumor cells (Stangl et al., 2011).
A murine antibody anti-TKD (cmHsp70.1 mAb) binds all human
vital tumor cell lines of colon, breast, lungs and melanomas;
thus, HSP70s could be an immune-therapeutic target in a wide
spectrum of tumor types (Shu and Huang, 2008; Stangl et al.,
2011). In fact, cmHsp70.1 mAb injected into mice with CT26
colon tumors can significantly reduce the bulk of mHSP70+
tumors and increase survival via ADCC induction, that can
be further enhanced by NK cells pre-activated with TKD/IL2
(Stangl et al., 2011).

ID genes and proteins are a promising target in cancer
therapy for inhibiting tumor cells and their supply in the
blood (Benezra, 2001; Fong et al., 2004; Iavarone and Lasorella,
2006). ID protein inhibition by a peptide aptamer induces cell
cycle arrest and apoptosis in ovarian cancer cells (Mern et al.,
2010a). Suppression of invasion and metastasis in aggressive
salivary and breast cancer cells is targeted through inhibition
of ID1 expression (Fong et al., 2003; Murase et al., 2016).
Inactivation of ID1 genes induces sensitivity of prostate cancer
cells to chemotherapeutic drugs (Wong et al., 2008). Co-
suppression of ID1 and ID3 results in a significant reduction in
the proliferation rate, invasiveness and anchorage-independent
growth, reduced angiogenesis and increased apoptosis in small-
cell lung cancer (Chen et al., 2014), and significantly reduces
the ability of gastric cancer cells to form peritoneal metastases
(Tsuchiya et al., 2005). Moreover, ID1 and ID3 knockdown

inhibits the metastatic potential of pancreatic cancer, both for
proliferation and migration (Shuno et al., 2010). Targeting
ID1 and ID3 by a specific peptide aptamer induces E-box
promoter activity, cell cycle arrest and apoptosis in breast cancer
cells (Mern et al., 2010b). TGFb receptor inhibitors target the
CD44high/Id1high glioma-initiating cells in human glioblastoma
(Anido et al., 2010). It has been shown that ID2 knockdown
by an inhibitor of WNT-bCAT signaling markedly suppresses
the formation of CSC spheres in vitro, and metastases in vivo
(Rockman et al., 2001), by inhibition of CSC-like phenotypes
(Jang et al., 2015).

LIFr expression is a crucial condition for nevus/implanted
melanoma transition; LIFr knockdown inhibits migration of
melanoma cells in wound-healing tests; thus, LIFr could be
a potential target for developing therapies in initial tumor
interventions (Guo et al., 2015). Neutralizing antibodies knock
down activity or expression of LIF and reduce in vitro the stem
cell-like properties of murine slow-growing CSCs (American
Association for Cancer Research, 2012).

CD44 is a biomarker and therapeutic target in CSCs (Su
et al., 2011; Yan et al., 2015), and CD44v is a promising
approach for elimination of CSCs (Jin et al., 2006; Orian-
Rousseau and Ponta, 2015; Yan et al., 2015). In breast
cancer, cells with an EMT phenotype can be inhibited
by Abs specific for CD44 (Yan et al., 2015); knockdown
of CD44 induces differentiation of breast CSCs and is a
promising differentiation therapy (Pham et al., 2011). CD44
targeting reduces tumor growth and prevents post-chemotherapy
relapse of human breast cancer xenografts (Marangoni et al.,
2009). Inhibition of CD44v3 and v6 by A5G27 peptide
copolymer blocks tumor invasion and metastatic colonization
(Zaiden et al., 2017). DNA vaccination with CD44v isoforms
reduces mammary tumor local growth and lung metastases
(Wallach-Dayan et al., 2008).

Immunological approaches to target CSCs have been carried
out, and through CSC vaccination, significant antitumor
immunity can be conferred (Ning et al., 2012; Pan et al.,
2015). For improving the efficacy of breast cancer treatment,
a combination therapy has been used, that permits targeting of
both CSC-like and bulk tumor cells (Wang et al., 2016). Thus, it is
evident that many current therapeutic strategies are addressed to
target crucial factors, common to embryos and cancer, at the basis
of this i-CSC/p-ESC model.

DISCUSSION AND CONCLUSION:
PROPOSALS FOR INNOVATIVE
CANCER THERAPY AND
PROPHYLAXIS STRATEGIES

Considerations for a Proper Antitumor
Therapeutic Strategy
From the numerous experimental data reported above, it is
evident that embryo and tumor development occurs in very
similar physio-pathological conditions of immune tolerance by
the host, which accepts and even favors them. Anticancer
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therapies carried out so far, targeting separately the factors
HLA-G, ID, LIF, HSP70, and CD44, have got important
positive, but only partial and non-resolutive, results. This
limit might be due to several factors: (a) a particular
hierarchic tumor structure, immunologically protective for
CSCs, surrounded by CPCs and CDCs (Nishimura et al.,
2012; Marjanovic et al., 2013; Liu et al., 2014; Ames et al.,
2015; Cabrera et al., 2015); (b) interconversion among CSCs
(CSC1/CSC2/CSC3/CSC1) via ID1, ID2 and ID3 proteins
(Hermann et al., 2007; Biddle et al., 2011; Dieter et al., 2011;
Brabletz, 2012; Quail et al., 2012; Do et al., 2013; Cabrera
et al., 2015); (c) the presence of HLA-G and HSP70 on
the surface of CSCs and CPCs, with impairment of various
immune surveillance mechanisms, NK activity in particular
(Samali and Cotter, 1996; Rouas-Freiss et al., 2007; Sheu
and Shih, 2010; Stangl et al., 2011); (d) anti-proliferative
chemotherapies, that only eliminate actively proliferating CCs
(CSC2s and CPCs), but spare slow-renewing CSCs (CSC1s)
in niches, or quiescent circulating CSCs (CSC3s), and non-
proliferating CDCs (Ames et al., 2015; Wang et al., 2016);
(e) release into the circulation of a high quantity of HSP70
by shedding, exosomes or chemotherapeutic necrosis (Shu
and Huang, 2008; Stangl et al., 2011), attracting ectopically
activated NK cells and neutralizing them at a distance
from CSC targets (Stangl et al., 2011); (f) release into the
circulation, by shedding, EVs or chemotherapeutic necrosis, of
high amounts of HLA-G, that is able to block any immune
mechanism, or even instruct normal cells to favor the tumor
(Hofmeister and Weiss, 2003; Li et al., 2004; Rouas-Freiss
et al., 2007; Gros et al., 2008; Loumagne et al., 2014; Lopatina
et al., 2016); (g) negative collateral effects of anti-angiogenetic
therapies that, by blocking tumor vascularization, might induce
hypoxia and a subsequent increase of metastatic CSCs (CSC3s)
(Conley et al., 2012).

General Suggestions for a Potential
Multi-Target Multistep Cancer Therapy
On the basis of the previous considerations, I suggest some
general indications for a multistep multi-target therapeutic
strategy. To this end, I think that it would be necessary
to make use of “micro-antibodies” (mi-Abs), which are
artificial, chemically synthetized short chains of amino acids,
copied from fully functional natural antibodies (Heap et al.,
2005). Their small size allows them to leave the circulation
quickly and reach specific target sites in the tissues, normally
unapproachable for mAbs. mi-Abs are poorly immunogenic
and do not stimulate an immune response versus the host.
mi-Abs show neutralizing properties versus viruses, such
as HIV, infecting cells in vitro (Fujii, 2009). All these
mi-Ab properties might consent the following antitumor
therapeutic strategy, leading to progressive back-dismantling
of the tumor hierarchic organization, selectively targeting the
diverse tumor cell populations in a defined multistep sequence:
(a) co-culture of autologous peripheral blood mononuclear
cells (PBMCs) with IL15, IL12 and IL2, to restore them
from the effects of HLA-G (Tilburgs et al., 2015) and

dispose of HLA-G-free PBMCs, to be used in next steps;
(b) tumor biopsy for the selection of the various populations:
differentiated non-proliferating cells (CDCs), non- or slow-
proliferating SCs (CSC1s and CSC3s), actively proliferating
cells (CSC2s and CPCs); (c) co-culture of HLA-G-free PBMCs
with each selected tumor population, and “in toto” tumor
populations, previously treated with anti-HLA-G and anti-
HSP70 mi-Abs, allowing in vitro PBMC sensitization without
conditioning; (d) anti-HLA-G and anti-HSP70 prophylaxis
of the subject by specific mi-Abs; (e) reinfusion of anti-
CDC-sensitized PBMCs and/or chemotherapeutic treatment,
to reduce the tumor bulk and expose the internal cell
populations (Ames et al., 2015; Wang et al., 2016), thus
making them more approachable in the next steps; (f)
chemotherapeutic anti-proliferative treatment of the subject to
eliminate fast-proliferating CSC2s and CPCs, upon protection
with anti-HLA-G and anti-HSP70 neutralizing mi-Abs; (g)
treatment of the subject with anti-CD44v and anti-ID1/ID3
mi-Abs to neutralize circulating CSC3s from an eventual
CSC3/CSC1 transition (MET), and CSC1s in niches from
anchorage and self-renewal (Marangoni et al., 2009; Chen
et al., 2014; Zaiden et al., 2017); (h) treatment of the
subject with anti-LIF/LIFr and anti-ID1/2 mi-Abs to prevent
or block CSC1 implantation in niches and angiogenesis,
CSC migration by activation of the LIF-STAT3 pathway,
and a possible CSC1/CSC2/CSC3 transition (EMT) (Rockman
et al., 2001; American Association for Cancer Research,
2012; Guo et al., 2015; Jang et al., 2015); (i) treatment of
the subject with anti-HLA-G, anti-HSP70, anti-CD44, anti-
ID1/ID2/ID3 and anti-LIF/LIFr mi-Abs for general prophylaxis;
(ii) final treatment with “in toto” sensitized HLA-G-free
PBMCs to restore natural immunological and physiological
conditions in the host.

Considerations and Suggestions for
Potential Cancer Prophylaxis
On the basis of the i-CSC/p-ESC model, it might be logically
and biologically possible to use anti-HSP70/HLA-G (Qa-2 in
mouse)/ID/LIF-LIFr/CD44 mi-Abs for antitumor prophylaxis.
Periodical treatments with mi-Abs at defined times and in
defined ways could protect healthy subjects from arising tumors
(i-CSC/CSC0s) or implanting initial tumors (CSC1s). The
validity of this hypothesis might be tested in appropriate
animal models, inoculating before, together and after mi-
Ab treatments: (a) CSCs of various human tumor types,
in nude mice; (b) CSCs of various mouse tumor types in
normal autologous mice. Verifying tumor development, an
eventual absence of tumors with the treatment before or
together with CSC inoculation would indicate a preventive
effect of the mi-Abs while, with the subsequent treatment,
it could also indicate a drainage effect of the mi-Abs
versus initial tumors. The use of mi-Abs for periodical
prophylaxis could be evaluated in relation to the subject
age, in general. In particular, in women, it could be
considered in relation to an eventual pregnancy, because
all the mi-Ab tumor targets are crucial embryonic factors.
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In conclusion, I hope that this work might make a valid
contribution for a better vision of the cancer, and that it might
stimulate the interest of others to debate and verify some validity
of the ideas expressed, as well as to test the therapeutic potential
of the suggested proposals.
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During the development of the cortex distinct populations of Neural Stem Cells
(NSCs) are defined by differences in their cell cycle duration, self-renewal capacity and
transcriptional profile. A key difference across the distinct populations of NSCs is the
length of G1 phase, where the licensing of the DNA replication origins takes place by
the assembly of a pre-replicative complex. Licensing of DNA replication is a process that
is adapted accordingly to the cell cycle length of NSCs to secure the timed duplication of
the genome. Moreover, DNA replication should be efficiently coordinated with ongoing
transcription for the prevention of conflicts that would impede the progression of both
processes, compromising the normal course of development. In the present review we
discuss how the differential regulation of the licensing and initiation of DNA replication in
different cortical NSCs populations is integrated with the properties of these stem cells
populations. Moreover, we examine the implication of the initial steps of DNA replication
in the pathogenetic mechanisms of neurodevelopmental defects and Zika virus-related
microcephaly, highlighting the significance of the differential regulation of DNA replication
during brain development.

Keywords: DNA replication, origins licensing, cortex development, neural stem cells, microcephaly

INTRODUCTION

The neocortex is a complicated brain region characterized by excessive cell diversity as it is
composed by multiple types of neuronal and glial cells assembled in networks that regulate the
higher order functions. The cortex derives from the dorsal telencephalon located in the most
anterior part of the neural tube through a strictly regulated process that involves diverse types of
neural stem cells (NSCs) and more committed neural progenitors (NPCs) organized in discrete
zones (Azzarelli et al., 2015; Agirman et al., 2017). Excitatory neurons are produced consecutively
within the proliferating zones and subsequently their somata migrate radially to their final position
in the cortical plate. Cortical connectivity is completed with the integration of cortical interneurons
that are generated in the ventral telencephalon and migrate tangentially toward the developing
cortex (Dwyer et al., 2016; Lim et al., 2018).

Coordinated action of morphogens and intrinsic signaling cues leads to the successive
generation of the distinct types of NSCs and NPCs during cortical development. These populations
differ on their self-renewal ability and differentiation potential. Numerous studies have identified
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distinct morphological and molecular features that describe the
diversity among NPCs (reviewed in Govindan and Jabaudon,
2017; Uzquiano et al., 2018).

DNA replication is a key cellular process that is coupled with
growth and proliferation. Elucidating the differential regulation
of DNA replication within the distinct populations of NPCs will
expand our knowledge on their functional diversity. Interestingly,
increasing evidence over the last decades supports the implication
of defective DNA replication in the pathophysiology of cortical
malformations like microcephaly (Jackson et al., 2014; Khetarpal
et al., 2016). In this review, we will discuss the differential
regulation of the initial steps of DNA replication, focusing on the
NSCs of the early stages of cortical development and the impact
of defective replication on normal development.

ESTABLISHMENT OF NEURAL STEM
CELLS DURING EARLY CORTICAL
DEVELOPMENT

The first population of NSCs that is established in the developing
cortex are the neuroepithelial cells (NECs), while at the onset of
neurogenesis NECs are replaced by apical radial glial cells (aRGs)
that remain in contact with the apical membrane and form the
ventricular zone (VZ), one of the main proliferating zones of the
cortex. During mid neurogenesis a second proliferating zone is
established basally of the VZ by intermediate progenitors, which
delaminate from the apical membrane and are translocated to the
subventricular zone (SVZ). Despite these primary populations,
other minor groups of progenitors are also generated over the
course of development like the short neural precursors (SNPs)
that appear in the VZ and the outer RGs (oRGs) located in
the upper boundaries of the SVZ. Here, we will focus on the
populations of the apical NSCs that prevail the VZ during the
initial stages of cortical generation (Figure 1A). A more detailed
description of the NSCs and NPCs population of the developing
cortex are reviewed by Götz and Huttner (2005), Taverna et al.
(2014), and Uzquiano et al. (2018).

Neuroepithelial cells consist the first population that reside
in the walls of the neural tube. These cells are highly polarized,
possessing a basal process that is attached to the basal lamina and
an apical process attached to the apical surface in contact with
the neural tube lumen (Arai and Taverna, 2017). NECs sense and
respond to signaling cues from the cerebrospinal fluid through a
primary cilium that protrudes from their apical membrane into
the lumen (Guemez-Gamboa et al., 2014). The nuclei of NECs
move across the apical-basal distance in a cell cycle dependent
way; mitosis occurs always in the apical surface of the neural
tube and as the cell progresses to the G1 phase the nucleus is
moving radially toward the basal side. During DNA replication
the nucleus reaches the basal membrane and migrates to the
opposite direction until it will be repositioned to the apical
surface for a new division. This process is known as interkinetic
nuclear migration (INM) and gives to the neuroepithelium
the appearance of a pseudostratified epithelium (Miyata et al.,
2014). NECs exhibit a relatively short cell cycle (∼12 h) that
correlates with the high proliferation potential of these cells

and permits the establishment of the initial pool of NSCs
through symmetric self-renewing divisions (Takahashi et al.,
1995; Borrell and Calegari, 2014).

Upon the onset of neurogenesis at embryonic day (E)10.5
in murine development and until E12.5, NECs are gradually
transformed to aRGs, which constitute the main population of
NSCs during cortical development. aRGs are also polarized cells
exhibiting an apical and a basal process that span the radial axis
of the developing cortex and maintain their primary cilium that
projects into the newly formed telencephalic vesicles (Arai and
Taverna, 2017). Similar to NECs, aRGs undergo INM during a
cell cycle but the movement of their nucleus is restricted within
the VZ (Miyata et al., 2014; Bertipaglia et al., 2017). SNPs that
constitute a subtype of aRGs also appear in the VZ during that
stage. SNPs remain in contact with the apical surface of the cortex
through their apical process, however, their basal process does
not span until the basal membrane but is constrained to the VZ
(Stancik et al., 2010). The transition of NECs to aRGs is critical
during brain development as it defines the switch from a self-
renewing to a neurogenic state. The establishment of aRGs is
defined by the elongation of the cell cycle (∼17 h) owed primarily
to an increase of the G1 phase length, which doubles during
mid-neurogenesis and covers more than 60% of aRGs cell cycle
(Noctor et al., 2002; Calegari et al., 2005). Elongation of the G1
phase allows the action of fate determinants and the respective
response of the cells (Matsuzaki and Shitamukai, 2015).

During cortical development, extrinsic signaling cues derived
from the local environment coordinate the proliferation and fate
commitment of NSCs. Various fate determinants and signaling
pathways impact not only in the genetic program of NSCs by
regulating the expression of specific factors, but also in their
intrinsic features like their cell cycle and chromatin dynamics
(Borrell and Calegari, 2014; Albert et al., 2017). Activation of
the Notch pathway was identified to mediate NECs to aRGs
transition, when an activated form of the Notch1 receptor was
introduced in the telencephalon of E9.5 embryos and promoted
radial glia identity (Gaiano et al., 2000). Upon establishment
of aRGs, Notch signaling promotes cell cycle progression and
maintenance of this population (Ohtsuka et al., 2001). Notably,
the fibroblast growth factor (FGF) signaling pathway has key roles
during aRGs specification and maintenance and thus controls
neuronal output and proper cortical formation (Sahara and
O’Leary, 2009; Rash et al., 2013). Interestingly, it has been shown
that FGF signaling promotes proliferation of NPCs by directly
decreasing the G1 length, suggesting an interplay between fate
determinants and cell cycle regulation (Lukaszewicz et al., 2002).

AN OVERVIEW OF DNA REPLICATION
LICENSING AND INITIATION STEPS IN
EUKARYOTIC CELLS

Within a complete cell cycle the genetic information must
be faithfully duplicated and pass intact to the progeny.
Moreover, in the level of multicellular organisms, replication
must be coordinated with cell fate decisions that are mediated
by complicated transcriptional programs. DNA replication is
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FIGURE 1 | The diverse populations of neural stem cells (NSCs) that emerge during cortical development exhibit distinct cell cycle kinetics and differential regulation
of the DNA replication licensing and initiation processes. (A) Neuroepithelial cells are characterized by a shorter cell cycle compared to Radial Glial cells that permits
their fast proliferation. (B; Licensing) During the G1 phase origins of replication are licensed by the formation of a competent pre-replicative complex (Pre-RC). Higher
expression of licensing factors (ORC, Cdc6, Cdt1 and MCMs) is required for the efficient licensing of origins in NECs that exhibit a shorter G1 phase. (C; Origin
usage) Increased formation of Pre-RCs facilitates the usage of more origins for the accurate completion of DNA replication that further causes a reduction of the
available dormant origins. RGs activate less origins of replication compared to NECs to complete the duplication of their genome. (D; Replication Domains) DNA is
replicated in well-defined segments constituted by multiple origins that fire synchronously in distinct time points throughout S phase. Rapid proliferating cells
complete DNA replication in smaller segments, while cells with longer G1 phase exhibit fewer but larger replication domains.

organized at multiple levels to ensure that genome duplication
will be completed within the available time and over- or under-
duplication that threatens genome integrity will be avoided. In
eukaryotic cells, DNA replication initiates from multiple sites
along the genome known as replication origins. Initiation of
replication is strictly regulated by a two-step process that involves
the formation of a multiprotein complex termed pre-replicative
complex (Pre-RC) on the potential origins and is called origins’
licensing, followed by the sequential activation of a subset of
origins known as origins’ firing (reviewed in Symeonidou et al.,
2012; Fragkos et al., 2015).

During the G1 phase replication origins are licensed by the
sequential recruitment of proteins that will form an inactive

pre-RC (Figure 1B; Licensing). The Origin Recognition Complex
(ORC1-6) is the first factor that recognizes and binds to the
origins serving as a docking site for the association of the rest of
the licensing proteins. Following, the licensing factors Cdc6 and
Cdt1 interact with the bound ORCs and promote the loading of
the Minichromosome Maintenance complex (MCM) resulting in
a competent pre-RC (Champeris Tsaniras et al., 2014). The MCM
complex consists of six subunits (MCM2 to MCM7) with an ATP
dependent DNA helicase activity and is loaded to chromatin as
an inactive head-to-head double hexameric ring that encircles
double-stranded DNA. To ensure the timed duplication of the
genome, cells license more origins than the origins that require
and therefore load more MCM complexes into chromatin, as
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reduced MCM loading makes the cells sensitive to replication
stress (Ibarra et al., 2008). Firing of origins occurs during the
G1/S transition with the binding of the CDC45 and GINS
to MCM2-7 that will form a stable CMG (CDC45-MCMs-
GINS) complex with helicase activity. From that point, multiple
replication factors are recruited to the activated origins to form
the replisome, which is consisted of an active helicase subunit
and DNA polymerases and is moving along the DNA to complete
replication (Sun et al., 2015).

Upon entry to S phase multiple mechanisms negatively
regulate licensing by phosphorylating the licensing factors and
thus preventing the re-assembly of the Pre-RC (reviewed in
Siddiqui et al., 2013). Phosphorylated CDT1 is targeted for
degradation by the E3 ubiquitin ligase SCF-Skp2, while the
chromatin-bound fraction of CDT1 is ubiquitinated by the
CRL4-Cdt2 (Li et al., 2003; Nishitani et al., 2006). In metazoan
an additional mechanism for CDT1 regulation is mediated by
Geminin. During the S, G2 and M phases of the cell cycle
Geminin binds to CDT1 and thus prevents its association with
other licensing factors. Once mitotis is completed Geminin is
deactivated permitting a new round of origins licensing (Caillat
and Perrakis, 2012). CDC6 is also phosphorylated upon its release
from chromatin and is translocated to the cytoplasm (Delmolino
et al., 2001). Finally, in mammalian cells, the ORC1 subunit is
specifically dissociated from chromatin due to ubiquitination and
part of it is degraded (Li and DePamphilis, 2002).

REGULATION OF THE LICENSING
FACTORS DURING THE SHORT G1
PHASE OF NECs

Neuroepithelial cells are characterized by an unusual cell cycle
structure compared to the populations of neural stem and
progenitor cells that are generated later during the development
of the cortex. NECs exhibit a relatively small cell cycle while the
length of the G1 phase is gradually increased as these cells are
transformed to a RGs (Takahashi et al., 1995; Calegari et al., 2005).
The short cell cycle length ensures the fast proliferation of NECs
and the establishment of an initial pool of NSCs within a defined
period during embryogenesis. Therefore, origin licensing during
DNA replication must be accurately completed in the restricted
cell cycle duration of NECs in order to secure faithful duplication
of the genome. Consequently, a question that is raised is whether
NECs employ different mechanisms to regulate licensing of DNA
replication than other populations of NSCs or NPCs.

Neuroepithelial cells exhibit comparable cell cycle kinetics
with Embryonic stem cells (ESCs), as both populations have
similar cell cycle duration. It is also established that a short G1
phase is an intrinsic property of multipotency as both in ESCs
and NECs G1 length increases upon fate commitment (Calegari
et al., 2005; White and Dalton, 2005). The potential to in vitro
differentiate ESCs to NPCs offers a suitable system for monitoring
modifications in the licensing of DNA replication along with
the progressive elongation of the cell cycle and neural fate
commitment. It has been shown that ESCs express and maintain
higher levels of CDT1 and CDC6 compared to differentiated

cells to secure sufficient licensing and timed initiation of DNA
replication (Fujii-Yamamoto et al., 2005; Ballabeni et al., 2011).
Moreover, increased expression of licensing factors in hESCs
mediates rapid MCM loading to chromatin, which facilitates
the licensing of a “sufficient” number of origins within their
short G1 phase. Interestingly, neuronal differentiation entailed
with reduced expression of licensing factors and G1 elongation
was sufficient to reduce the loading rate of MCM proteins
(Matson et al., 2017).

These observations suggest that NECs might also require
similar adaptations in the licensing of DNA replication due
to their shortened G1 phase, while these features are probably
absent from more committed NPCs defined by a longer G1
(Figure 1B; Licensing). Analyses of NPCs derived from different
developmental stages are required to establish the differential
regulation of licensing.

BALANCE BETWEEN ORIGINS USAGE
AND DORMANT ORIGINS
CONTRIBUTES TO CORTICAL
INTEGRITY

Eukaryotic cells license a greater number of origins during G1
phase compared to the origins that will fire to complete genome
duplication. Some of the licensed origins that are not activated
remain dormant and fire to cover unreplicated regions when the
progression of the initially formed replication forks is impeded.
Interestingly, reduction of dormant origins (DOs) challenges the
successful completion of DNA replication compromising genome
stability (Alver et al., 2014; Shima and Pederson, 2017). NPCs that
carry the hypomorphic allele MCM4chaos, revealed significant
decrease in DOs and exhibit increased DNA damage and reduced
proliferation in vitro. Interestingly, reduction in DOs had also
a direct effect in brain development, as embryos homozygous
for the MCM4chaos allele showed a thinner cortex during mid-
embryogenesis due to increased cell death of intermediate NPCs
resulted in defective generation of neurons (Ge et al., 2015).
Accordingly, deletion of the MCM2 subunit using an inducible
CreERT2 system resulted in impaired neurogenesis in the adult
brain caused by a significant decrease in NSCs of the SVZ (Pruitt
et al., 2007). It thus appears that reduction in the number of
licensed origins that eliminates the abundance of DOs, leads
to DNA damage probably because of unresolved replication
structures and causes eventually the apoptosis of NSCs.

During the expansion phase of the developing cortex, NSCs
utilize a high number of origins during DNA replication due to
their short cell cycle (Ge et al., 2015). However, this inherent
mechanism sensitizes NSCs against exogenous stress as it restricts
the available DOs that could be activated as a response to stress.
As the cell cycle length of NSCs is progressively increased, more
DOs are available and NSCs become less sensitive to genotoxic
stress. It can be therefore speculated that there is a threshold
of available DOs to safeguard accurate genome duplication of
NSCs (Figure 1C; Origin usage). Additional data are required
to establish this elegant mechanism that safeguards genomic
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stability of cortical NSCs and secures structural and functional
integrity of the cortex.

REPLICATION TIMING MODIFICATIONS
PERMIT RAPID ADAPTATION TO
DEVELOPMENTAL CUES DURING
CORTICAL DEVELOPMENT

In eukaryotic cells initiation of DNA replication is dispersed
throughout the S phase resulting in chromosomal segments
that are replicated in defined points, known as replication
domains (Rivera-Mulia and Gilbert, 2016; Takebayashi et al.,
2017). Replication timing of most domains is conserved
among different cell types, however, specific domains that are
subjected to developmental control have been also identified.
Comprehensive analyses of in vitro systems that recapitulate
the progressive fate commitment of mouse and human ESCs
confirmed the relation between replication timing and gene
expression and showed that changes in the timing of replication
coordinate with transcriptional activation (Hiratani et al., 2010;
Rivera-Mulia et al., 2015).

Upon commitment of ESCs toward the neuronal lineage,
the 20% of the genome is subjected to replication timing
modifications. These modifications include mainly consolidation
of replication domains that lead to fewer but larger segments
of coordinated replication (Figure 1D; Replication domains)
(Hiratani et al., 2008). Coordination between transcription and
replication is critical as conflicts between the two machineries
would lead to defective gene expression and moreover to genomic
instability (Lin and Pasero, 2012; García-Muse and Aguilera,
2016). During cortical development, NSCs are subjected to a strict
developmental program that defines their transcriptional profile.
Completion of DNA replication in larger segments permits the
rapid adaptation of the transcriptional program by minimizing
the possibility of collisions (Figure 1B; Replication domains).
Thus, dynamic regulation of replication timing in NSCs is critical
for an effective response to the solid developmental program that
is required during cortex formation.

IMPAIRED REGULATION OF DNA
REPLICATION RESULTS IN BRAIN
MALFORMATIONS

Genetic or environmental factors that limit the proliferation
potential of stem or progenitor cells during embryogenesis
result in a variety of developmental abnormalities in human
(Faheem et al., 2015; Ernst, 2016). Perturbed regulation
of DNA replication, leading to a significant decrease in
proliferating cells, has been already associated not only with
developmental retardation but also with brain malformations
like microcephaly (Table 1) (Mazouzi et al., 2014; Khetarpal
et al., 2016). The distinctive features of NSCs regarding the
licensing and initiation of DNA replication are critical for their
rapid proliferation, required during the initial stages of brain

development, highlighting the sensitivity of the brain to defected
DNA replication.

Meier-Gorlin Syndrome (MGS) is of the main syndromes that
has set the link between licensing of DNA replication and brain
development. MGS is an autosomal recessive type of primordial
dwarfism due to developmental retardation, characterized by
proportionate growth deficits, incomplete patellae formation
and typical facial features (de Munnik et al., 2015). Severity
of the symptoms varies across MGS patients and, interestingly,
most severe cases are additionally diagnosed with microcephaly
(Bicknell et al., 2011b; Burrage et al., 2015). Genetic analyses on
reported cases of MGS revealed that biallelic mutations in the
genes that form the pre-RC (ORC1, ORC4, ORC6, CDT1 and
CDC6) are implicated in the syndrome (Bicknell et al., 2011a; de
Munnik et al., 2012). De novo mutations in the licensing inhibitor
Geminin were also identified in a group of patients (Burrage
et al., 2015). The implication of DNA replication in MGS was
further supported when, recently, mutations in the genes of
CDC45 and MCM5 that form an active CMG complex were
associated with the syndrome (Fenwick et al., 2016; Vetro et al.,
2017). Studies performed in patient derived cell lines indicate
delayed entry to S phase and decreased proliferation caused
by insufficient licensing of DNA replication (Bicknell et al.,
2011b; Burrage et al., 2015). Similar results indicating reduced
proliferation were also obtained when mutated alleles previously
identified in MGS patients were studied in heterologous systems
(Guernsey et al., 2011).

The microcephaly observed in MGS patients emphasizes
the role of proper licensing of DNA replication during brain
development (Figure 2). It is evident that impaired licensing
severely compromises the rapid proliferation of NSCs resulting
in insufficient generation of the initial NSCs pool and eventually
in incomplete development. However, the mechanism that
underlies the decreased proliferation of NSCs in MGS remains
elusive. Proliferating NSCs accumulate higher levels of licensing
factors due to their shorter G1 phase, consequently, in the case
of the MGS where the expression of these factors is reduced,
decreased formation of Pre-RCs and under licensing occur.
Given that proliferating NSCs utilize more replication origins to
complete genome duplication, under licensing has a direct effect
on the progression of the S phase. Alternatively, the reduction
of NSCs that is observed in MGS patients could be appointed to
defected gene expression. Dynamic regulation of the replication
timing in NSCs ensures the implementation of the respective
transcriptional program, thus discordant DNA replication due to
impaired licensing could affect normal gene expression resulting
in brain malformations.

Environmental factors may further affect the proliferation of
NSCs. Infectious agents that target NSCs, disrupt the early stages
of cortical development resulting in neurological phenotypes.
Due to its recent outbreak, Zika virus (ZIKV) is one of the
most known aetiologies of infectious microcephaly, however,
congenital infections including the cytomegalovirus or the
parasite Toxoplasma gondii have been also associated with
microcephaly (Devakumar et al., 2018). The implication of ZIKV
in congenital microcephaly was established when its RNA was
detected in the brain tissues of microcephalic fetuses as well as in
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TABLE 1 | Genes linked to microcephaly that encode proteins involved in DNA replication.

Disease Phenotype Genes Functions Reference

Meier-Gorlin Syndrome Microcephaly, primordial dwarfism
and hypoplastic patella

ORC1, ORC4, ORC6,
CDT1 and CDC6

Pre-Replicative Complex formation de Munnik et al., 2015

Geminin Re-licensing inhibitor Burrage et al., 2015

CDC45, MCM5 CMG complex establishment Fenwick et al., 2016; Vetro et al., 2017

Bloom syndrome Microcephaly, short stature and
cancer predisposition

BLM Replication fork stability and resolution
of replication intermediates

German et al., 2007; Guo et al., 2007

Seckel syndrome
(ATR/ATRIP-related)

Microcephaly, primordial dwarfism
and dysmorphic facial features

ATR, ATR-Interacting
Protein

Response to replication stress and
stabilization of stalled forks

Goodship et al., 2000; Ogi et al., 2012;
Mokrani-Benhelli et al., 2013

Microcephalic
Primordial Dwarfism

Microcephaly and primordial
dwarfism

DONSON Replication fork stability Reynolds et al., 2017

FIGURE 2 | Licensing, origin selection and replication timing are dynamically regulated during cortical development to secure the formation of a functional cortex.
(A) Origins of replication are licensed during the G1 phase by the formation of a competent pre-replicative complex (Pre-RC). A fraction of the licensed origins is
selected during the S phase to establish a bidirectional replication fork while not activated origins remain dormant. DNA is replicated in well-defined chromosomal
segments, that are duplicated in distinct time points throughout S phase. Establishment of a characteristic replication timing profile permits the coordination of
replication and transcriptional machineries. (B) Impaired licensing and initiation of DNA replication lead to defective brain development and microcephaly. Reduced
expression of licensing factors results in decrease of licensed origins that further causes incomplete initiation of DNA replication. Aberrant licensing directly affects the
successful duplication of the genome due to under-replication or over-replication. Moreover, deviation of the normal replication timing due to defective licensing, can
lead to impaired gene expression and possibly, to conflicts between replication and transcription. Under these conditions, the proliferation of NSCs is compromised
resulting in severe brain malformations.

the amniotic fluid of their infected mothers (Driggers et al., 2016).
Initial studies on hiPSCs derived NPCs and brain organoids
showed that proliferating NPCs are the main population of
cells targeted by ZIKV, while differentiated neurons are mildly

affected (Garcez et al., 2016; Tang et al., 2016). Interestingly,
analysis of the cell cycle profiles showed that infected NPCs are
accumulated to the S phase resulting in reduced proliferation
and eventually apoptosis (Tang et al., 2016). Moreover, the
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brains from established animal models for ZIKV infection also
exhibited a decrease in proliferating NPCs due to altered cell
cycle kinetics (Li et al., 2016; Wu et al., 2016). In line with these
results, transcriptomics analysis of infected NPCs confirmed the
downregulation of genes involved in cell cycle and specifically
DNA replication progression (Zhang et al., 2016). The possible
effects of ZKV in the normal progression of DNA replication is a
very intriguing scenario that could explain the preference of the
virus toward proliferating NSCs.

CONCLUSION AND PERSPECTIVES

During the last decade the importance of the dynamic regulation
of DNA replication during organismal development has been
established (Nordman and Orr-Weaver, 2012; Champeris
Tsaniras et al., 2014; Hua and Orr-Weaver, 2017). In the present
review we describe differences in the processes of initiation of
DNA replication between different populations of NSCs. NECs
exhibit a short cell cycle with a short G1 phase similar to ESCs.
For that reason they will require increased levels of licensing
factors to facilitate the higher number of licensed origins required
in order to cope with their accelerated cell cycle. Consequently,
the number of the available DOs is reduced in rapid proliferating
NECs increasing the risk of replication stress and genotoxic
insults that would compromise the survival of NSCs. More data
regarding the formation of licensing and initiation of DNA
replication in NECs and RGs are needed to establish the above
hypothesis which is mainly based on our knowledge on ESCs.

Moreover, adaptations in the number of licensed origins and
in the replication timing profile permit the integration of the
active transcriptional program that operates in NSCs during
cortical development. How the plasticity of DNA replication
initiation is regulated within the complicated environment of the
developing brain and whether it is determined by signaling cues
or it is an inherent feature of NSCs remain important questions.

Mutations in the genes that express licensing factors have
been associated with developmental retardation characterized

by microcephaly, stressing the significance of efficient licensing
and accurate initiation of DNA replication during brain
development. A future direction will be the establishment
of animal models for impaired-licensing syndromes, that will
permit the detailed analysis of brain development under these
conditions. Further insights into the response of NSCs upon
DNA replication stress will be critical to our understanding
of the pathophysiology of neurodevelopmental syndromes.
Accordingly, the possible effects of ZKV in the normal
progression of DNA replication is a very intriguing scenario that
could explain the preference of the virus in early proliferating
NSCs. Deciphering the role of the differential regulation of
DNA replication will provide new grounds for research on the
mechanisms leading to brain malformations like the hereditary or
infectious microcephaly.
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Pluripotency is orchestrated by distinct players and chaperones and their partners
have emerged as pivotal molecules in proteostasis control to maintain stemness.
The proteostasis network consists of diverse interconnected pathways that function
dynamically according to the needs of the cell to quality control and maintain protein
homeostasis. The proteostasis machinery of pluripotent stem cells (PSCs) is finely
adjusted in response to distinct stimuli during cell fate commitment to determine
successful organism development. Growing evidence has shown different classes of
chaperones regulating crucial cellular processes in PSCs. Histones chaperones promote
proper nucleosome assembly and modulate the epigenetic regulation of factors involved
in PSCs’ rapid turnover from pluripotency to differentiation. The life cycle of pluripotency
proteins from synthesis and folding, transport and degradation is finely regulated by
chaperones and co-factors either to maintain the stemness status or to cell fate
commitment. Here, we summarize current knowledge of the chaperone network that
govern stemness and present the versatile role of chaperones in stem cells resilience.
Elucidation of the intricate regulation of pluripotency, dissecting in detail molecular
determinants and drivers, is fundamental to understanding the properties of stem cells in
order to provide a reliable foundation for biomedical research and regenerative medicine.

Keywords: pluripotency, chaperone, stem cells, histone, stemness

INTRODUCTION

Pluripotency is an important and unique feature attributed to specific types of cells, and can be
defined as the ability of cells to replicate indefinitely in the absence of senescence (self-renewal)
while retaining the differentiation potential, or the ability to differentiate into all cells of an
organism (Martello and Smith, 2014). Embryonic stem cells (ESCs) are classified as pluripotent
stem cells (PSCs), and represent great possibilities for research and cell therapy. ESCs can be
obtained from the inner cell mass (ICM) of preimplantation blastocysts. The establishment of
cultures of ESCs in vitro (Evans and Kaufman, 1981; Martin, 1981; Martello and Smith, 2014)
brought about unquestionable advances in scientific research, as the starting point for several works
that sought to explore the molecular mechanisms that maintain pluripotency. In 2006, a state of
ESC-like, achieved from the reprogramming of differentiated adult cells was described, referred
to as induced pluripotent stem cells (iPSCs). Reprogramming of the cells was possible through
the induction of specific transcription factors (TFs), OCT4, SOX2, c-MYC, and KLF4 (Takahashi
and Yamanaka, 2006). OCT4, NANOG, and SOX2 are considered key factors for the maintenance
of PSCs in vivo and in vitro, forming a pluripotency core that, with additional TF and cofactors,
regulates pluripotency in an expanded transcriptional network (Wang et al., 2006; Kim et al., 2008).
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Although many studies have been conducted to understand
the exact mechanisms by which the TFs and additional factors
regulate pluripotency, much remains to be elucidated. Studies
are still being conducted to understand TFs individual and
integrated functioning. By unmasking pluripotency mechanisms,
it will be possible to use PSCs more safely and harness their
therapeutic potential, also serving as a model to understand
early development, important cellular processes and diseases.
Besides transcriptional regulation, other mechanisms are being
recently discussed as relevant to understanding the maintenance
of pluripotency in stem cells, such as chromatin conformation
and proteome quality control assisted by molecular chaperones.
In this review we discuss aspects of PSCs maintenance, such
as TFs regulation and chromatin conformation in PSCs, as
well as the relationship of chaperones, co-chaperones and
ubiquitin-proteasome system (UPS) with the control of TF levels
and pluripotency in PSCs. A comprehensive and integrated
understanding of the events – from transcription, translation to
post-translational processes – that govern pluripotency is needed
to answer questions that remain unanswered in the field of PSCs.

PLURIPOTENCY MAINTENANCE
MECHANISMS

Pluripotent stem cells are regulated by a series of interconnected
cellular processes that pass through the transcription, translation,
and final destination of proteins through different post-
translational modifications. The state of chromatin conformation
is important for the exposure or concealment of regulatory
regions in DNA. Regulatory regions are possible targets of several
TFs, that will associate in a specific way in the DNA molecule and
regulate the transcription of several genes.

Several studies described the essentiality of the TFs OCT4,
SOX2, and NANOG to pluripotency. These TFs form an
interconnected self-regulating core, cooperatively associating
with their own promoters and co-occupying more than 300
targets in an integrated manner, finely regulating their own and
also their targets expression, repressing differentiation genes and
activating pluripotency (Boyer et al., 2005; Wang et al., 2006).
Other TFs (referred hereafter as expanded core) associated to the
main pluripotency core were described, such as STAT3, SMAD1,
DAX1, REX1, ZPF281, among others (Kim et al., 2008; Bharathan
et al., 2017; Collier et al., 2017; Trusler et al., 2018). In 2006, the
publication of Takahashi and Yamanaka’s (2006) landmark work,
describing the acquiring of PSCs from the induction of four major
TFs – OCT4, SOX2, c-MYC, and KLF4 – profoundly impacted
stem cell research, allowing the field of development to dispose of
a new and effective tool for pluripotency studies.

Although pluripotency is controlled by the expression of a
network of TFs, the levels of this expression must be highly
regulated in order to maintain the pluripotent state. PSCs
balance between self-renewal and differentiation potential. Some
researches (briefly reviewed in Torres-Padilla and Chambers,
2014), have already shown that the levels of TFs associated with
pluripotency may vary in ESCs. Even in cells of the same colony,
the expression of certain factors can be heterogeneous and

transient. In addition to transcriptional regulation, the levels of
TFs can be modulated according to translational and degradation
rates and post-translational modifications.

In order to maintain PSCs undifferentiated, a cytokine
member of the IL6 superfamily, named leukemia inhibitory
factor (LIF), is used in cell culture (Nicola and Babon, 2015).
Briefly, in the signal transduction cascade, LIF couples with
gp130 receptors and activates JAKs in the cell interior which, in
turn, will activate STAT3 through phosphorylation (Huang et al.,
2017). Although LIF is not essential for the maintenance of these
cells in vivo (Stewart et al., 1992), and is not solely responsible
for the maintenance of pluripotency and self-renewal in vitro, it
is an important tool in the culture of ESCs and iPSCs. Later in
this review we will discuss how STAT3 relates to an important
protein complex of chaperones and co-chaperones, acting in the
maintenance of pluripotency in stem cells in vitro.

Interestingly, the existence of different statuses of pluripotency
has been reported, naïve and primed, with great variety in
transcriptional and epigenetic profile (reviewed in Nichols and
Smith, 2009; Hackett and Azim Surani, 2014). The primed state,
as the name suggests, is a state more prone to differentiation
when compared to the naïve state (Marks et al., 2012), although
in both states the cells remain expressing pluripotency core TFs.
In addition to these classically established states, the existence
of other levels for pluripotency has recently been hypothesized.
As recently proposed by Smith, pluripotency can be seen as a
progression through very early different developmental stages.
The author emphasizes the need for a formative pluripotency
state between the naïve and primed, in which cells acquire
abilities to change their genomic and epigenetic profile to proceed
in the course of cell-fate commitment (Smith, 2017). While
some authors defend great transcriptional heterogeneity between
primed and naïve states (Marks et al., 2012), other discuss that,
although the two populations have their specific transcriptional
signatures, this heterogeneity is expressed in low levels between
the states (Messmer et al., 2019). Much still needs to be
studied in order to establish a response to these controversies.
Studies exploring these states in vivo may contribute to the
understanding of their existence as part of the development of
organisms, or as artifacts of cell culture.

Pluripotent stem cells require elevated protein synthesis
for continuous replication and thus, enhanced mechanisms of
proteome quality control like elevated chaperone and proteasome
activities is essential to avoid senescence and maintain stemness.
The viability of stem cells critically depends on the ability to
maintain protein homeostasis to adapt continuously the cellular
proteome to extrinsic and intrinsic variations. The capacity
of stem cells to sense and respond to changing conditions
and stress is critical for normal cell growth, development and
organism viability. The complexity of the proteome requires
interconnected quality-control processes to meet the dynamic
needs of the cell. The protein homeostasis (proteostasis) network
(PN) ensures the balance of the proteome by coordinating
protein synthesis, folding and conformational maintenance; and
protein degradation. PN is achieved by an orchestrated system
of proteins, including molecular chaperones and their regulators,
which help proteins to reach its functionally active conformation,
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FIGURE 1 | Chaperome regulation and proteostasis network in ESCs. Scheme shows molecular pathways ranging from gene transcription to protein degradation
involved in pluripotency control. The interconnected self-regulating nuclear core formed by OCT4, SOX2, and NANOG is essential for the maintenance of stemness.
(A) In mESCs, HIRA is abundantly associated with promoter regions of developmentally regulated genes, being responsible for H3.3 deposition and enrichment,
co-localizing with the transcriptional active form of methylated H3K4. Chaperone protein HSP90 and its partner HOP are engaged in key intracellular signaling
pathways in PSCs, including LIF/JAK/STAT3. HSP90-HOP complex participates actively in the phosphorylation and translocation of STAT3 to the nucleus, leading to
the transcription of pluripotency core factors. HSPs complexes can also prevent OCT4 degradation by proteasome. Proteasome-related proteins, such as WWP2,
acting as E3 ligases or by other mechanisms, lead to TFs degradation by UPS, controlling its levels and maintaining proteostasis balance in these cells. (B) In
hESCs, FGF2, used to culture these cells, activate the signaling cascade mediated by Ras/MEK/ERK and p-ERK translocation to the nucleus, favoring the
expression of pluripotency genes. Acetylation of H3K56 by ASF1 regulates de expression of pluripotency genes. Unlike differentiated cells, HSP70 is present in the
cell surface of hESCs, colocalizing with known pluripotency markers such as SSEA3 and SSEA4. Upregulation of the protein FOXO4 leads to the increase of the 19S
proteasome subunit PSMD11, resulting in more functional proteasome subunits formed and increased activity of the UPS. The TF NRF2 upregulation is also
associated with the increase in functional proteasome subunits, and also is associated with expression of the pluripotency TFs OCT4, SOX2, and NANOG.

without being part of its final structure. In addition, the UPS
exerts a post-transcriptional control on the levels of proteins,
such as TFs, which is important to pluripotency maintenance
(Figures 1, 2; Okita and Nakayama, 2012).

Considering the fine mechanics of chromatin conformation
control, the importance of PN for the maintenance of cellular
functions, both in health and in diseases, the increased expression
of PN elements in PSCs, as well as an increased activity of PN
in these cells, many studies have been conducted to understand
the control of pluripotency from the perspective of these events.
Tables 1, 2 summarize different molecules, addressed in this
review, involved in the pluripotency control.

TFs CORE REGULATION BY
UBIQUITIN-PROTEASOME SYSTEM

Regardless of the mediation of chaperones, an important
fraction of polypeptides usually exhibit errors in folding

or refolding (Schubert et al., 2000); consequently, they are
identified and disposed by proteolytic degradation, to avoid
accumulation of potentially toxic aggregate species. One
major protein degradation pathway is the UPS. The UPS
performs coordinated activities of enzymes that conjugate
the polypeptide co-factor, ubiquitin, to proteins and tags
them for degradation by an ATP-dependent process that
involves three enzymes, E1 (Ub-activating enzyme), E2s
(Ub-carrier or conjugating proteins) and the key E3-
ligases (Ub-protein ligase) (Schubert et al., 2000; Lecker
et al., 2006). The labeled proteins are identified by the
26S proteasome, which degrades them to small peptides
(Lecker et al., 2006).

The protein levels of pluripotency TFs must be finely regulated
for the maintenance of PSCs specific properties. It has been
shown that both downregulation and upregulation beyond the
required levels of some TFs, such as OCT4 (Rodriguez et al.,
2008; Zafarana et al., 2009), leads to differentiation in specific
tissues or impairment in stem cell identity. The UPS is one of
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FIGURE 2 | Chaperome regulation and proteostasis network in human iPSCs. TGF-β/Activin A and FGF2/Ras/MEK/ERK pathways are required for the maintenance
of iPSCs in culture conditions. The histone chaperone NPM2 binds to the histone variants TH2A and TH2 and improve the reprogramming of human fibroblast into
iPSCs modulated by OCT4, SOX2, KLF4 and c-MYC, generating more naïve human iPSCs compared to factors induction alone. ASF1a histone chaperone
upregulation, together with OCT4, also has an important role in reprogramming of human fibroblast. Cell fate commitment (highlighted in light brown) involves the
induction of different specific pathways that can lead to differentiation into various cell types. The molecular chaperone HSP90β physically binds to HNF4A and
control the protein turnover of these client, modulating differentiation of iPSCs to endoderm-derived hepatic progenitor cells. Downregulation (represented as a red
glow around the molecule) of the proteasome-related protein PSMD14, a 26S proteasome subunit, impairs the deubiquitylation of OCT4, leading to its degradation
in the proteasome and impairment of pluripotency.

the main post-translational mechanisms for regulating the levels
of these proteins. The selectivity of proteins and aggregations for
ubiquitin system presents a relevant participation of chaperones
and co-chaperones, more specifically from the HSP70 family, for
example HSC70 and the co-chaperone BAG3 (Arndt et al., 2010).
In this section, we highlight classical and recent findings that
explore the role of UPS in the control of TFs levels, essential for
PSCs maintenance.

Investigating the total profile of ubiquitinated proteins in
mESCs and iPSCs, Buckley et al. (2012) revealed that NANOG

and OCT4 are regularly ubiquitinated, with the levels of this
modification varying throughout the self-renewal process, a
phenomenon that is not observed in differentiated cells (Buckley
et al., 2012). The work demonstrates how these TFs are finely
regulated for the maintenance of pluripotency properties in these
cells, and suggests the great importance of UPS for self-renewal. It
is known that elevated proteasome activity is somehow essential
not only for the control of TFs levels, but also for expression
of genes associated with pluripotency, cell proliferation and cell
cycle progression. Defects in the proteasome leads to malfunction
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TABLE 1 | Major classes of histone chaperones and their function in stemness of different PSCs models.

Chaperone Function in PSCs biology References

HIRA Highly expressed in the promoters of developmentally regulated genes in mESCs Goldberg et al., 2010

Differentiation of mESCs in hemogenic endothelium Banaszynski et al., 2013; Scambler et al., 2015

Pluripotency maintenance of hESCs, promoting isocitrate dehydrogenase genes
(IDHs) transcription

Zhu et al., 2017

Developmental reprogramming – deposition of paternal core histone and
reactivation of maternal genome in mice

Lin et al., 2014

DAXX/ATX Telomeric deposition (immortalization) in mESCs Elsässer et al., 2015

ASF1 Differentiation during murine early embryogenesis and gonad development Messiaen et al., 2016

Pluripotency maintenance in hESCs Gonzalez-Muñoz et al., 2014

Pluripotency maintenance in mESCs Tan et al., 2013

Reprogramming of human fibroblasts into iPSCs Gonzalez-Muñoz et al., 2014

CAF-1 Early developmental arrest and early gastrulation of mESCs Filipescu et al., 2013; Akiyama et al., 2011; Houlard
et al., 2006; Hatanaka et al., 2015

Reprogramming of mouse fibroblasts into iPSCs Cheloufi et al., 2015

Pluripotency maintenance during blastomeric stage in mice Yankulov, 2015

FACT Proliferation and neural differentiation of mESCs Mylonas and Tessarz, 2018

Associates with OCT4 and regulates mESCs pluripotency Survival during early
blastocyst stage of mESCs

Cao et al., 2003; Ding et al., 2012; Gaspar-Maia et al.,
2009; Pardo et al., 2010

Reprogramming into iPSCs Shakya et al., 2015; Shen et al., 2018

HMGA2 mESCs specific DNA repair mechanism. Yu et al., 2014

NPM2 Reprogramming of human fibroblast into iPSCs; Improvement of murine cells
reprogramming using only KLF4 and OCT4

Fernández-Rivero et al., 2016; Shinagawa et al., 2014

NPM3 Proliferation of mESCs Motoi et al., 2008

SPT6 Pluripotency maintenance of mESCs Robert, 2017

SET SETα Proliferation of hESCs Edupuganti et al., 2017

SETβSETP Differentiation of hESCs

of all of the above processes, including a G2/M arrest in hESCs
and iPSCs (Jang et al., 2014). Several research groups have been
exploring the specific effects of UPS-associated proteins on the
regulation of TFs in PSCs.

Upon the downregulation of PSMD14, a 26S proteasome non-
ATPase subunit, the loss of OCT4 expression is observed, which
is linked to an apparent dysfunction of the deubiquitinating
enzymatic activity of PSMD14 (Figure 2; Buckley et al., 2012).
Further, although the modulation of the E3 ligase protein FBXW7
has no direct effects on OCT4, NANOG and SOX2 expression,
it has a negative effect on the protein stability of c-MYC,
an important factor linked to the differentiation potential in
PSCs (Buckley et al., 2012). NRF2 is a TF whose activation
leads to increased levels of several proteasome subunits. NRF2
activity is increased in hESCs (Figure 1B) and iPSCs and
loss of this activity results in reduced levels of OCT4, SOX2,
and NANOG and also impairs proliferation, indicating a role
of this protein in self-renewal (Figure 1B; Jang et al., 2014).
Additionally, NRF2 colocalizes with the mentioned core TFs
(e.g., OCT4, SOX2, NANOG) during differentiation, and its
activation by pharmacological or molecular techniques prevents
their degradation during differentiation process in hESCs
(Jang et al., 2014).

The proteasome activity is enhanced in hESCs and iPSCs, with
a loss of activity being observed as the cells differentiate, with a

concomitant increase in differentiation factors, such as PAX6, as
well as a decrease in the expression of pluripotency TFs (Vilchez
et al., 2012). Furthermore, the transcription factor FOXO4
has been shown to be an important modulator of proteasome
activity in hESCs, since it regulates the expression PSMD11,
a 19S proteasome subunit. The increased expression of PSMD11
is sufficient to increase the number of functional proteasome
complexes formed, increasing proteasomal activity (Figure 1B;
Vilchez et al., 2012). Interestingly, PSMD11 levels are somehow
related with other pluripotency proteins. Decreased levels of
L1TD1, an RNA binding protein, correlates with decreased levels
of PSMD11 (Emani et al., 2015). Pharmacological inhibition of
proteasome activity leads to decrease in L1TD1 and SOX2 in
hESCs (Emani et al., 2015). However, the exact mechanisms by
which these molecules interact with each other, and how they
interact with OCT4, SOX2, NANOG, and other pluripotency TFs
still needs to be better studied.

The COP9 signalosome (CSN) is an important protein
complex that prevents protein degradation, and was previously
implicated in pluripotency maintenance (Chia et al., 2010).
Experiments using knockdown (KD) mESCs for COPS2
protein, a specific subunit of the CSN, showed that COPS2
regulates protein stability of NANOG by its independent and
direct interaction with the α-helixes 2 and 3 of NANOG’s
homeobox domain, preventing its degradation by the proteasome
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TABLE 2 | List of chaperones and proteasome-related proteins and their function associated to protein homeostasis and pluripotency control in different PSCs models.

Proteins and families Function in PSCs biology References

Chaperome HSP90 Pluripotency maintenance and mesoderm differentiation of mESCs Bradley et al., 2012

STAT3 translocation to nucleus and NANOG negative regulation in mESC Setati et al., 2010

Endoderm differentiation of iPSCs Jing et al., 2017

HOP STAT3 expression and phosphorylation and NANOG expression in mESCs Longshaw et al., 2009

Murine embryonic survival Beraldo et al., 2013

HSP70 Surface marker of pluripotency in hESCs Alekseenko et al., 2012

Differentiation of mESCs Baharvand et al., 2008;
Battersby et al., 2007;
Saretzki et al., 2007

Differentiation and survival of iPSCs Brodarac et al., 2015

Early differentiation of hESCs and mESCs Park et al., 2011

HSP60 OCT4 expression, proliferation, self-renewal and survival of mESCs Seo et al., 2018

HSP40 mESCs differentiation into smooth muscle cells Endoderm differentiation marker Wong et al., 2014; Wang and
Gudas, 1988

HSP27 NANOG inactivation and neuronal differentiation of human placenta-derived cells Cheng et al., 2016

Proteasome related PSMD14 OCT4 regulation in mESCs and iPSCs Buckley et al., 2012

FBXW7 Negative regulation of c-MYC protein stability in mESCs and iPSCs

NRF2 Pluripotency maintenance in hESCs and iPSCs Jang et al., 2014

PSMD11 Functional proteasome complexes formation in hESC and iPSC Vilchez et al., 2012

F0X04 PSMD11 expression regulator in hESCs and iPSC

L1TD1 Downregulation leads to decrease in SOX2 and PSMD11 of hESC Emani et al., 2015

C0PS2 NANOG protein stability regulator of mESCs Zhang et al., 2016

WWP2 Promotes OCT4 and SOX2 proteasome degradation in mESCs Xu et al., 2004, 2009, Fang
et al., 2014

SET7 SOX2 methylation and proteasome degradation promotion in mESCs
Transcriptional activity inhibition in mESCs

Fang et al., 2014

AKT1 SOX2 phosphorylation and proteasome degradation prevention in mESCs

UBR5 Proteostasis machinery regulator in hESCs and iPSCs Koyuncu et al., 2018

FBXW8 Polyubiquitynates NANOG and mESCs Kim et al., 2014

USP21 NANOG protein stabilization in mESCs and hESCs Jin et al., 2016; Liu et al., 2017

USP26 NANOG and SOX2 genes inhibition in hESCs Ning et al., 2017

(Zhang et al., 2016). Further, the levels of NANOG remain
unaltered after the replacement of four lysine residues for
arginine in its C-terminal domain and subsequent KD of
COPS2, indicating this region is a strong candidate for
ubiquitination, serving as a signalization for UPS degradation
(Zhang et al., 2016).

More specifically, it has been previously demonstrated that
OCT4 can be post-translationally modified by ubiquitin in
both mESCs and hESCs. WWP2 protein was identified as the
first to post-translationally modify OCT4, functioning as an E3
ligase (Xu et al., 2004). WWP2 promotes degradation of OCT4
in a dosage-dependent and also enzymatic activity-dependent
manner through the 26S proteasome (Figure 1A), since OCT4
protein level progressively decreases with the increase of WWP2
expression level, and WWP2 silencing (by iRNA and shRNA)
elevates OCT4 levels (Xu et al., 2009). Further, OCT4 has been
shown to suffer SUMOylation at lysine residue 118 (SUMO-1
acceptor site) in mESCs, and the disruption of this modification
can lead to the degradation of OCT4 by 26 proteasome and
consequent impairment in self-renewal (Zhang et al., 2007).

Interestingly, evidence shows that WWP2 also plays a role
in the regulation of SOX2. WWP2 HECT domain recognizes
methylation on lysine 119 (K119me) of SOX2, modification that
stimulates SOX2 ubiquitination and subsequent degradation via
proteasome pathway (Fang et al., 2014). Treatment with MG132,
a potent proteasome inhibitor, led to prominently increased levels
of SOX2 K119me. The methylation in SOX2 is catalyzed by the
enzyme SET7 which, intriguingly, also inhibits the transcriptional
activity of SOX2 (Fang et al., 2014). On the other hand, in ESCs,
direct phosphorylation of SOX2 at threonine 118 by AKT1 is a
prevalent protection mechanism acting in SOX2 protein stability
(Jeong et al., 2010), and inhibits methylation by SET7 at K119,
stabilizing SOX2 levels, being crucial in aspects such as self-
renewal and differentiation potential (Fang et al., 2014). The
mechanism of AKT-mediated phosphorylation as a protector
for degradation by the UPS has also been recently identified in
esophageal cancer stem cells, where phosphorylation of SOX2
on threonine 116 protects the degradation mediated by the
ubiquitin E3 ligase UBR5 (Wang et al., 2019). It is interesting to
note that UBR5 has also been identified as an important factor
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in the regulation of proteostasis in hESCs and iPSCs. UBR5
is upregulated in hESCs and iPSCs derived from Huntington
disease patients (Koyuncu et al., 2018). Both protein and mRNA
levels are downregulated as these cells undergo differentiation
(Koyuncu et al., 2018), indicating an important role of this
protein in PSCs in health as well as disease. Given that PSCs and
cancer stem cells share several features, the importance of UBR5
and other E3 ligases regulating the levels of TFs in PSCs should
be further studied.

NANOG was previously described as a target for polyubiquity-
lation by the F-box protein family member FBXW8, and
consequent degradation by proteasome (Kim et al., 2014).
When phosphorylated by ERK1, NANOG binds to FBXW8, and
experiments using mESCs and hESCs overexpressing FBXW8
resulted in a decrease in the half-life of endogenous NANOG. On
the other hand, evaluation of alkaline phosphatase expression,
a known pluripotency indicator, in FBXW8 KD cells, indicated
decreased differentiation (Kim et al., 2014). The results suggest a
key role of FBXW8, as a E3 ligase, in the regulation of NANOG
levels in PSCs, by controlling its degradation.

The role of deubiquitinases (DUBs) started to be investigated
in the context of proteostasis maintenance in PSCs. In brief,
DUBs remove ubiquitin from protein substrates in order to
maintain their targets stability. A recent study in mESCs,
scanning for potential deubiquitinases regulators of NANOG,
found that deubiquitinase ubiquitin-specific protease 21
(USP21) stabilizes NANOG protein levels removing K48-
linked polyubiquitylation (Liu et al., 2017). USP21 directly
interacts with NANOG through its ubiquitin carboxyl-terminal
hydrolase domain (UCH), and the phosphorylation of USP21
by ERK1 prevents this binding, leaving this site exposed for
ubiquitination, ultimately leading to NANOG degradation by the
UPS (Jin et al., 2016). Another USP protein was recently reported
as an indirect regulator for pluripotency TFs expression. USP26
inhibits expression of pluripotency core genes by physically
binding to the members of the Protein Regulator of cytokinesis
1 (PRC1) complex, CBX4, and CBX6, preventing K48-linked
polyubiquitination in these targets (Ning et al., 2017). The
accumulation of CBX4 and CBX6 inhibits the expression
of the SOX2 and NANOG genes, increasing the occupancy
of their promoters, leading to reduction in pluripotency
(Ning et al., 2017).

A summary of the proteasome-related proteins presented
in this section and their function in PSCs can be found
in Table 2. The evidence presented here points out the
great relevance of studying the UPS in the context of PSCs,
both as a possible model to better understand this system
in health and diseases, and as a means of understanding
the mechanisms governing the unique biology of these cells.
Although many studies have been, and are still being conducted
to explore these aspects, much remains to be described. It
will be very interesting to follow what will be done in
order to better understand the direct or indirect relationship
between the great number of molecules involved in the UPS
with the regulation of pluripotency TFs levels, or with other
mechanisms important for PSCs maintenance, such as cell cycle
control or self-renewal.

HISTONE CHAPERONES IN PSCs

As mentioned before, several factors affect the expression of
pluripotency genes, and epigenetic modulations of transcription
have been broadly studied to gain insight into the mechanisms
which rule the rapid proliferation and turnover of pluripotent
cells into differentiation. In the context of chaperone proteins,
histone chaperones have recently been identified as important
factors in regulating pluripotency. Here, we discuss the
importance of histone chaperones in the modulation of
transcription in PSCs, mainly ESCs, and their role in maintaining
pluripotency through epigenetic modifications.

Chromatin in eukaryotes is organized in complexes called
nucleosomes composed of 147 pairs of bases of DNA associated
with a core of small basic proteins, the histones, which form
an octamer of two copies of each protein H2A, H2B, H3,
and H4, binding a linker histone H1 (Biterge and Schneider,
2014; Tessarz and Kouzarides, 2014). Histones can be canonical,
essentially expressed during S-phase and incorporated to the
nucleosome during DNA replication, or replacement histones
(known as histone variants) which are incorporated into
chromatin by specific histone chaperones during the cell cycle
and can interact with several chromatin modifiers modulating
the chromatin conformation (Biterge and Schneider, 2014).
Beyond architectural functions, variant histones can regulate
transcription, DNA repair and replication through covalently
modifications at their flexible N- or C-terminal tails and globular
domains, modulated by chromatin-modifying enzymes, which
lead to a more open conformation of chromatin and allow DNA
interaction with several molecules, including TFs (Strahl and
Allis, 2000; Choi and Howe, 2009).

Histone chaperones are molecules that associate with
histones and present an important role in histones dynamics.
These chaperones are responsible for the transferring of
histones to the DNA, and they can modulate histones
modifications as acetylation and methylation or remodeling
nucleosomes during transcription, among other important
functions. Histone chaperones can work single, as the chaperone
anti-silencing function 1 (ASF1), or form complexes as
chromatin assembly factor 1 (CAF1) and the facilitates
chromatin transcription (FACT), presenting relevant roles in
post-translational histone modifications (De Koning et al., 2007;
Tessarz and Kouzarides, 2014).

Embryonic stem cells present rapid changes in transcription
associated with transition from pluripotency to a more
differentiated state, therefore their chromatin is characterized by
an open state with a less condensed structure and predominance
of variant histone modified post-translationally (i.e., methylation
and acetylation of H3K4) involved in transcription activation
(Gaspar-Maia et al., 2011). One of the most important
mechanisms by which ESCs maintain the open chromatin
state is through the deposition of specific histone variants, for
example H3.3, which is located at the −1 position in promoters
of genes expressed in ESCs, and is commonly associated
with more active transcription and decreased methylation of
H3K9, a mark of condensed chromatin (heterochromatin)
(Goldberg et al., 2010; Schlesinger et al., 2017). The chaperone
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histone regulator A (HIRA) is responsible for H3.3 deposition
in pluripotent cells during replication and co-localizes with
the transcriptional active form of histone H3K4 methylated
(Goldberg et al., 2010), playing important roles in pluripotency
and differentiation (Figure 1A). Moreover, HIRA is highly
expressed in the promoters of developmentally regulated
genes in ESCs and is necessary for H3.3 enrichment
at genome-wide transcriptionally active and repressed
genes in mESCs (Figure 1A) and neural precursor cells
(Goldberg et al., 2010).

HIRA is also required in mESC for the formation of
H3.3 complex with polycomb repressive complex 2 (PRC2),
which control gene transcription during lineage commitment
in these cells through trimethylation of lysine 27 on histone
H3 (H3K27me3) (Banaszynski et al., 2013). This complex is
responsible for the proper establishment of H3K27me3 at the
promoters of developmentally regulated genes and in bivalent
domains, characterized by the presence of the variant histones
H3K4me3 (activation-associated) and H3K27me3 (repression-
associated) (Bernstein et al., 2006; Banaszynski et al., 2013). HIRA
can also modulate hESCs self-renewal through its interaction
with prohibitin (PHB) promoting transcription of isocitrate
dehydrogenase genes (IDHs), leading to the production of
α-ketoglutarate, which in turn participates in metabolic processes
that support pluripotency of hESCs (Zhu et al., 2017).

Runt-related transcription factor 1 (RUNX1) is essential
for hematopoietic cells transition and HIRA can modulate
RUNX1 targets participating of mESCs differentiation process to
hemogenic endothelium through its interaction with RUNX1 and
deposition of H3.3 variant (Scambler et al., 2015). Additionally,
H3.3 deposition by HIRA during early embryogenesis is
required for developmental reprogramming, since the loss of
HIRA in female mice impairs the deposition of paternal core
histone and compromise the reactivation of maternal genome
(Lin et al., 2014).

Transcriptional regulator ATRX (ATRX) is a member of SNF2
family of chromatin remodeling factors and presents histone
chaperone activity, forming a chromatin-remodeling complex
with the death domain-associated protein DAXX. ATRX and
DAXX associate with H3.3 in a HIRA-independent manner
modulating H3.3 deposition at telomeres and repression of
telomeric RNA in mESCs (Goldberg et al., 2010). DAXX
functions as an H3.3-specific chaperone in mESCs assembling
H3.3/H4 tetramers on DNA templates, and the ATRX–
DAXX complex modulates the remodeling of H3.3-containing
nucleosomes bounding to telomeric chromatin or pericentric
repeats (Lewis et al., 2010). Interestingly, it was demonstrated
that DAXX and ATRX complex are responsible for H3.3
incorporation in transposable elements containing long terminal
repeats, which present regions enriched with both H3.3 and
H3K9me3, those able to regulate adjacent and endogenous genes
in mESCs (Elsässer et al., 2015).

Anti-silencing function 1 is the most conserved chaperone
of histone 3 and 4 and is associated with nucleosome assembly,
transcriptional downregulation and DNA damage response
(Thuret et al., 2005). In murine, two paralogous genes ASF1a
and ASF1b are present; ASF1a depletion is embryonic lethal

while ASF1b was correlated with differentiation potential during
early embryonic stages and gonad development (Messiaen
et al., 2016). Additionally, it has been demonstrated that ASF1
binds histones H3.1 and H3.3 in mESCs (Lewis et al., 2010).
In hESCs, ASF1a can affect the expression of pluripotency
genes through the acetylation of H3K56, a histone state that
represents the epigenetic mark of hESC (Figure 1B; Gonzalez-
Muñoz et al., 2014). Interestingly, when the TFs NANOG,
SOX2 and OCT4 bind to their target gene promoters it
is common to observe the presence of the histone variant
H3K56ac at these locations and, since ASF1 is required for the
acetylation of H3K56, ASF1 depletion leads to H3K56ac decrease,
and, consequently reduces expression of pluripotency markers
and promotes differentiation (Tan et al., 2013). Moreover,
it was demonstrated that the induced expression of both
ASF1a and OCT4 in human dermal fibroblasts is able to
reprogram these cells into undifferentiated iPSCs (Figure 2;
Gonzalez-Muñoz et al., 2014).

Chromatin assembly factor-1 (CAF-1) complex is formed
by 3 subunits P150, P60, and P48/RbAp48a and is related to
processes involved in DNA synthesis and repair (De Koning
et al., 2007), and also chromatin remodeling in ESCs (Houlard
et al., 2006). CAF-1 is the histone chaperone that mediates
H3 deposition during S-phase, associates with H3.1, transports
H3.3 in the absence of DAXX in mESC and its dominant
negative leads to developmental arrest before 16-cell stage
(Lewis et al., 2010; Filipescu et al., 2013). The lack of one
of CAF-1 subunits (P150) induces the complete loss of H3.1
and H3.2 and impairs mouse blastocysts stage development,
which present modified cellular structures such as nuclear
elongation and the absence of heterochromatin foci (Akiyama
et al., 2011). Houlard and Filipescu, in their respective studies,
demonstrated that CAF-1 associated with histone H3.2 is
responsible for heterochromatin proper architecture in early
development, it may contribute to gene expression during
this period of development, and is also required for early
gastrulation (Houlard et al., 2006; Filipescu et al., 2013). The
depletion of CAF-1 subunit P150 in mESCs affects the structure
of heterochromatin, which is not observed in somatic cells,
leading to its decondensation and the loss of clustering
and mislocalization of pericentric heterochromatin domains
(Houlard et al., 2006). Moreover, CAF-1 knockdown increases
H2AX phosphorylation and the developmental arrest of mouse
embryos, avoiding retrotransposons appropriate silencing and
damaging genome integrity, since CAF-1 is responsible for
modulating the replacement of H3.3 for H3.1/3.2 and leads to the
deposition of other repressive histones as H3K9me3, H3K9me2,
H3K27me3, and H4K20me3 in preimplantation mouse embryos
(Hatanaka et al., 2015).

Cheloufi and colleagues recently demonstrated the partici-
pation of CAF-1 in the reprogramming of mouse fibroblasts
into iPSCs, since the negative modulation of CAF-1 expression
produces a decrease in somatic cells heterochromatin domains,
increasing the binding of SOX2 to pluripotency specific targets
and somatic cellular plasticity (Cheloufi et al., 2015; Cheloufi
and Hochedlinger, 2017). Interestingly, CAF-1 suppression also
allows ESCs to acquire characteristics of an early developmental
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state, resembling totipotent 2-cell (2C) blastomeric stage of the
preimplantation embryo (Yankulov, 2015).

The histone chaperone FACT is a complex composed by two
subunits, SSRP1 and SPT16, and participates in transcription
elongation (Mylonas and Tessarz, 2018). In mESC, FACT
depletion causes a mis-activation of transcription start sites,
which deregulates developmental and replication-associated
genes leading to an increase in proliferation concomitant
with neural commitment (Mylonas and Tessarz, 2018). FACT
has been associated with OCT4 and its depletion damages
mESC pluripotency and survival during early blastocyst stage
(Cao et al., 2003; Gaspar-Maia et al., 2009; Pardo et al., 2010;
Ding et al., 2012). Shakya et al. (2015) demonstrated that
OCT4 recruits FACT complex, binds specifically SPT16 subunit
of FACT in transcription sites to promote the removal of
H3 histone from critical pluripotency targets such as OCT4,
SOX2, and NANOG during reprograming. Moreover, it was
demonstrated that the depletion of SPT16 subunit of FACT
in mouse fibroblasts impair cellular reprograming and iPSCs
generation (Shen et al., 2018).

Several other histone chaperones have presented important
functions on ESCs biology and somatic cells reprograming.
The mammalian high-mobility group AT-hook 2 (HMGA2)
are highly expressed in ESCs and not translated in somatic
normal cells, working as a replication fork chaperone stabilizing
its integrity, in a DNA repair mechanism. During the
proliferation of highly replicating cells as ESCs or cancer
cells, HMGA2 expression is irrelevant, however, when forks
are arrested; HMGA2 binds with high affinity to branched
DNA, stabilizing stalled forks and preventing DNA mutations
(Yu et al., 2014).

Another histone chaperone, nucleoplasmin-2 (NPM2),
was recently associated with human dermal fibroblasts
reprogramming. NPM2 associated with its histone variants
TH2A and TH2 can improve the reprogramming modulated
by OCT4, SOX2, KLF4, and c-MYC, generating iPSCs in
a more naïve state compared to the classical TFs alone
(Figure 2; Shinagawa et al., 2014; Fernández-Rivero et al.,
2016). NPM2 phosphorylated form can also improve murine
reprograming inducing an open chromatin structure and leading
to reprogramming using only KLF4 and OCT4 (Shinagawa et al.,
2014). Another NPM, the histone chaperone nucleoplasmin
3 (NPM3) is highly expressed in murine PSCs compared
to differentiated cells and works as a chromatin remodeling
protein, which modulates mESCs replication capacity, increasing
proliferation (Motoi et al., 2008).

SPT6 is a histone chaperone and works as a transcription
elongation factor in mESCs, modulating negatively H3K27
acetylation and methylation through its interaction with
PRC2 core subunits, which maintains pluripotency and avoids
differentiation mediated by the accumulation of H3K27me3
deposition at ESC critical super-enhancers (Robert, 2017). SET
is a histone chaperone, which expression is modulated by
OCT4, and is expressed during human early development
and presents two isoforms, SETα and SETβ, each one
controlling ESCs proliferation and differentiation, respectively
(Edupuganti et al., 2017).

Finally, it is well known that PSCs present rapid turnovers
to maintain an undifferentiated state or for entry into cellular
commitment. Epigenetic mechanisms of gene activation that
depends on histone variants allow these rapid turnovers observed
in stem cells, especially PSCs, and histone chaperones are
determinant for the refined work of histones modifications.
Briefly, here we described how histones chaperones present
relevant roles on development, pluripotency maintenance and
somatic cell reprograming, as their main function is to
modulate these essential epigenetic changes related to histones
modifications and deposition, which have great participation
on the activation and repression of TFs. Table 1 compile the
main histone chaperones and their role in pluripotency and
differentiation. In addition to the histone chaperones, other
chaperones are closely involved to maintain the pluripotent
state, and their functions in PSCs biology will be explored in
the next sessions.

PN AND HEAT SHOCK
CHAPERONES IN PSCs

Elements of the PNs are enhanced in PSCs, such as chaperones
and co-chaperones. Chaperones are classified in heat-shock
proteins (HSPs) such as small heat shock proteins (sHSPs),
HSP60, HSP70, HSP90, and HSP100. HSP70 and HSP90 are the
main families of chaperones induced in response to cellular stress
and they act along TFs known as heat shock factors (HSF), which
regulate several genes encoding chaperones (Hartl et al., 2011;
Saibil, 2013).

The heat shock factor 1 (HSF1) creates a dormant complex
with HSP90 and HSP70 under balanced conditions, however,
in the presence of misfolded proteins and cytotoxic protein
aggregation, chaperones detach from HSF1, which then induces
members of the PN to decrease production of new clients
(Saibil, 2013). When the proteotoxic stress is reduced, the
HSF1 complex reassembles and the system returns to balance.
Likewise, other stress-inducible chaperones are expressed in
the cytosol and within organelles to create arrangements that
keep non-native proteins in solution and control de novo
folding to establish functional structures (Saibil, 2013). HSPs are
abundantly expressed in PSCs than in terminally differentiated
cells, providing enhanced stress response competence for
PSCs which is essential for the maintenance of stemness
(Saretzki, 2004).

Both protein quality control and the maintenance of the
PN are indispensable for cellular biology and for the health
of whole organism. Important additional pathways such as the
cytosolic stress response and the unfolded protein response
(UPR) are part of this complex that contributes to circumvent
the accumulation of misfolded molecules (Arndt et al., 2010).
However, the PN is prone to failure, despite its regulatory
mechanisms, and it opens a gap for pathological protein
aggregate deposits. It is considered that aggregate formation
confers on the disease protein a toxic gain of function (Dimant
et al., 2012). Deficiencies in proteostasis related to aggregation
have been shown to facilitate the development of several illnesses,
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including neurodegeneration, diabetes, cystic fibrosis, and cancer
(Kakkar et al., 2014). The importance of specific families of
chaperones and co-chaperones in the context of pluripotency will
be addressed in subsequent sessions.

HSP90-HOP-HSP70 Complex
Heat shock protein 90 (HSP90) is a highly conserved stress
response protein in eukaryotic cells, being the most abundant
protein in unstressed cells, modulates the activity, turnover
and trafficking of several proteins and participates of signal
transduction. HSP90 forms heterocomplexes with different
proteins through the formation of a complex composed by
HSP90 and another four chaperones – HSP70, HSP Organizing
Protein (HOP), HSP40, and p23 – binding to several clients
as steroid receptors. The assembly requires HSP90 and HSP70
bound by HOP and incorporates HSP40 and p23 during the
process, assisting the folding and refolding of naïve proteins
for properly active conformation (Pratt and Toft, 2003). This
chaperone machinery is ATP-dependent, in which HSP90 binds
to ATP and p23 stabilizes the complex. Both HSP70 and HSP40
also interact after ATP binding and HOP brings together both
complexes preparing the chaperone machinery to receive a
substrate, that can be a receptor, a protein kinase or a TF, among
other proteins associated with signaling transduction (Pratt and
Toft, 2003). The HSF are TFs responsible for increasing heat
shock proteins expression during stress conditions and, on the
other hand, HSP90 complex is responsible for sequester HSFs
in normal conditions avoiding stress response activation in a
feedback loop (Nichols et al., 1998).

Several studies support the importance of HSP90-HOP-
HSP70 complex on PSCs biology. Recent data from our group
determined that HOP, HSP70, and HSP90 are found as cargo of
extracellular vesicles (implicated in intercellular communication)
of mESCs, suggesting their participation in processes related
to development, since the microenvironment is important for
pluripotency maintenance through the modulation of several
signaling pathways (Cruz et al., 2018a,b).

Constitutive HSP90 is required for mouse embryos
development and maintenance of pluripotency via HOP-
STAT3 interaction (Figure 1A); moreover, ESCs express a
specific conjunct of types of chaperones related to this complex
as HSP70 protein 4 (HSPA4) and HSP90β (HSPCB). In addition,
stem cells including ESCs present an increase in the expression of
HSP70 protein 5 (HSPA5), HSP70 protein 8 (HSPA8), and HOP
(Fan, 2012). HSP70 protein 8 (HSPA8) is highly expressed on
the surface of hESCs (Figure 1B) and co-expressed with specific
stem cells markers, for example stage-specific embryonic antigen
3 and 4 (SSEA3/4) (Son et al., 2005).

HSP90 has been described in literature as an essential
molecule for pluripotency maintenance. The inhibition of HSP90
expression decreases OCT4, NANOG and pSTAT3 levels and
leads to mESCs differentiation, preferentially to the mesoderm
layer. HSP90 associates with OCT4 and NANOG to protect them
from ubiquitin proteasome degradation (Figure 1A) and is also
able to modulate OCT4 mRNA levels supporting pluripotency
maintenance (Bradley et al., 2012). During heat shock in hESCs,
there is a hyperactivation of the MAP kinases and hESCs starts

to differentiate through the increase of the HSF1 transcription
factor, HSP90 releases HSF1 to answer the stress stimuli and
HSF1 in turn binds to OCT4 promoter region leading to its
repression (Byun et al., 2013).

Setati et al. (2010) described that HSP90 is responsible for
STAT3 translocation to the nucleus during the activation of
the JAK-STAT3 pathway, which occurs through LIF stimuli
during mESCs self-renewal (Figure 1A). STAT3 translocation
to the nucleus by HSP90 leads to STAT3 association with the
NANOG promoter region modulating pluripotency of mESCs
(Okumura et al., 2011). Negative modulation of NANOG
transcription occurs through constitutive HSP90 sequester
by TRIM8, which impairs its association with STAT3 and,
consequently translocation to the nucleus, avoiding pluripotency
signaling via LIF pathway (Setati et al., 2010). One of HSP90
clients is the transcription factor HNF4A, their binding in iPSCs
is able to modulate specifically differentiation from these to
endoderm-derived hepatic progenitor cells (Jing et al., 2017).

HSP90 partner HOP is essential for mouse development
since its knockout (KO) is embryonic lethal and HOP KO
mouse do not reach E10.5 development stage (Beraldo et al.,
2013). HOP was suggested to modulate STAT3 phosphorylation
and, through its binding to HSP90, participate in STAT3
translocation to the nucleus, being another important chaperone
in mESC pluripotency by LIF/JAK/STAT3 signaling pathway
(Figure 1A; Longshaw et al., 2009). Longshaw et al. (2009)
demonstrated STAT3 accumulation into the cytoplasm,
decreased phosphorylation and STAT3 mRNA levels after
HOP depletion in mESC. Moreover, HOP knockdown
mESCs presented a decrease in NANOG mRNA levels
and decreased pluripotency observed in the formation of
embryoid bodies (EBs).

HSP70 is constitutively expressed and its expression can be
inducted during stress. In hESCs, constitutive HSP70 expression
is slightly increased compared to somatic cells and is located
into the cytoplasm and nucleus independent of differentiation
status. However, in hESCs HSP70 can also be found on cell
surface (Figure 1B), which is not observed in somatic cells,
suggesting HSP70 is a possible surface marker for pluripotent
cells (Alekseenko et al., 2012).

The HSPS from the family HSP70 HSPA1A (HSP70A1),
HSPA1B (HSP70B1), and HSPA9A (HSP70A9, mortalin) are
highly expressed in mESCs compared to differentiated cells
and are associated with increased resistance of these cells
against genotoxic stress (Saretzki, 2004). Additionally, it was
demonstrated that during differentiation of some mESC lines
there is a decrease in expression of both HSP70 and its partner
HOP (Baharvand et al., 2008).

Recently, it was demonstrated that upregulation of HSP70 in
iPSCs caused by stress as hypoxia promotes survival through
the inhibition of apoptosis pathways, however, it also inhibits
STAT3 phosphorylation leading to differentiation (Figure 2) and
increased resistance to stress, since iPSCs are highly sensitive to
conditions adverse to homeostasis (Brodarac et al., 2015). HSP70
participates in the early differentiation modulated by epigenetic
factor histone deacetylase (HDAC) of mESCs and hESCs, through
the activation of JNK and PI3K/AKT pathways (Park et al.,
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2011). In mESC, HSP70 expression is enriched by the MAPK
signaling pathway though JNK, ERK, and p38 modulating several
responses to stress related to cell survival and anti-apoptosis
processes (Nishitai and Matsuoka, 2008).

Differentiation of mESCs into neurogenic EBs (NEBs) leads
to a decrease in the expression of mortalin, a chaperone
from the family of HSP70 (HSP70A9) (Battersby et al., 2007).
Another protein from HSP70 family, HSPA1b, also presents a
significant decrease in its expression during differentiation and
its remarkable that this downregulation occurs and is detectable
before the expression of differentiation markers, supporting
a role for HSP70 proteins in modulating differentiation
(Saretzki et al., 2007).

HSP60, HSP40, and Small HSPs Families
HSP60, also known as HSPD1, is a mitochondrial chaperonin,
involved in the synthesis and transportation of mitochondrial
proteins from the cytoplasm to the mitochondria (Cappello
et al., 2008). HSP60 is able to interact with different HSPs,
such as HSP10, forming a complex that mediates protein
folding (Okamoto et al., 2017), and with mitochondrial HSP70
(HSP70A), also known as mortalin, that have a role in cell
proliferation and stress (Wadhwa et al., 2006). Studies shows
that HSP60 have an important role in the biology of pluripotent
cells. HSP60 deficiency in progenitor cells from the intestinal
crypt compartment induces mitochondrial dysfunction, which
leads to a decrease in stemness and cell proliferation (Berger
et al., 2016). In mESCs, HSP60 expression decreases with
cell differentiation, and its depletion caused a decrease in
OCT4 expression, inhibiting proliferation and self-renewal, and
increasing apoptosis in a caspase-3 independent-manner (Seo
et al., 2018). Besides that, HSP60 knockdown also decreased EBs
size and increased S-phase cells in mESCs (Seo et al., 2018).
As seen in mouse cells, rabbit ESCs (rESCs) HSP60 levels are
also increased when compared to differentiated cells, suggesting
that proteins from the HSP family might have an important
role in maintaining the undifferentiated status of embryonic cells
(Intawicha et al., 2013). Interestingly, studies in cancer showed
that HSP60 is a target gene of c-MYC (Tsai et al., 2008), but is
also able to induce c-MYC expression, as HSP60 overexpression
increased the proteins levels of c-MYC (Yan F.Q. et al., 2015).

HSP40 can interact with HSP70 and modulate its ATPase
activity through stabilizing its interaction with subtracts
(Prinsloo et al., 2009). HSP47, also known as SERPINH1, is
required for the proper assembly of triple-helical procollagen
molecules, and is highly expressed during mESC differentiation
into smooth muscle cells (SMC) (Wong et al., 2014). Depletion
of HSP47 leads to a decrease in the differentiation of mESC to
mSMC and, in the same way, an overexpression of HSP47 leads
to an increase in differentiation (Wong et al., 2014). HSP47 was
identified as a marker for endodermal differentiation in mouse
teratoma (Wang and Gudas, 1988). In bovine embryos, all HSP40
family members are upregulated during degeneration in an anti-
apoptotic system, while normal blastocysts highly express HSP70
family members as HSPA5 and HSPA8 (Zhang et al., 2011). Both
HSP40 and HSP47 are involved in the development of mouse
limbs, along with other chaperones including from HSP70 family
and small HSPs (Zhu et al., 2010; Yan F.Q. et al., 2015). A study

using Glioblastoma Multiforme stem cells showed that HSP47
is capable of modulating TGF-β, inducing cell survivability,
self-renewal, and increasing the number of stem cell-like cells
within the tumor (Jing et al., 2017). Still, more studies elucidating
the possible roles of the HSP40 family in the maintenance of
stem cells are necessary.

The small HSP family is composed out of HSP of low
molecular weight. Small HSPs present relevant roles in mouse
development, for example HSP10, HSP22, and HSP25 that
are involved in murine limb development (Zhu et al., 2010;
Yan Z. et al., 2015). In adipose tissue-derived stem cells, HSP32,
also known as hemeoxygenase-1, has its expression increased
after the cells are left in 43◦C for 1 h, which in turn increases
the prevalence of live cells after a frozen-thawn cycle, reducing
oxidative stress damage (Shaik et al., 2017). Besides that, a study
in Chronic Myeloid Leukemia, a hematopoietic stem cell disease,
shows that HSP32 is capable of increasing the survivability of
those cells, through protection against apoptosis (Mayerhofer
et al., 2008). Another small HSP with an interesting role in
stemness is HSP27, also known as heat shock protein beta-1
(HSPB1). A study shows a downregulation of HSP27 after mESC
differentiate into NEB (Prinsloo et al., 2009). Besides that, HSP27
is capable of regulating STAT3 expression, with their expression
levels correlating directly in prostate cancer cells (Rocchi et al.,
2005). HSP27 is also able to regulate EIF4E and eIF4G levels
in the first trimester human placentae, indicating that HSP27
could alter placental protein translation (Shochet et al., 2016).
HSP27 also seems to have an important role in neuronal
differentiation, with its overexpression leading stem cells to
arrest neuronal differentiation, and its expression decreasing as
embryonic neuronal development occurred in vivo (Cheng et al.,
2016). In placenta-derived multipotent cells (PDMCs) HSP27
inhibition leads to NANOG cleavage mediated by caspase-3
activation (Cheng et al., 2016).

In zebrafish development both HSP27 family members,
HSPB7 and HSPB12, are modulated by GATA4 protein and
modulate cardiac development, since their depletion leads
to a disruption in normal cardiac morphogenesis perturbing
Kuppfer’s vesicle morphology (Rosenfeld et al., 2013). Indeed,
HSPB7 is highly expressed in cardiac cells and its depletion
in mouse lacks the normal development of the heart, leading
to embryo lethality before embryonic day 12.5 (Wu et al.,
2017). HSPB1 (HSP27 family) also presents an important
role in zebrafish development modulating the growth of
myofibrils of skeletal muscle (Middleton and Shelden, 2013).
In avian blastoderms, the expression of the sHSP HSP25 is
required during the embryo development for the expression
of pluripotency genes and for resistance against apoptosis
(Hwang et al., 2016).

In light of all these findings, it is remarkable that the
participation of heat shock proteins in the biology of PSCs. HSPs
can modulate several signaling cascades including pluripotency
essential pathways. They also modulate both expression and
localization of TFs and relevant proteins, and their expression is
essential for the development of the embryos of many species.
Together, these studies demonstrate the importance of stress
response and HSPs function in development and pluripotency
maintenance of PSCs.
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PERSPECTIVES

A better overview of the nature of pluripotency holds
great promise for therapeutic approaches. Unveiling the exact
molecular mechanisms that govern the ability of ESCs and iPSCs
to differentiate in all cell types to give rise to an adult organism
is essential to exploit these cells both in regenerative medicine
and to model human diseases pathogenesis including cancer and
neurodegenerative disorders.

A regulatory core (NANOG, OCT4, and SOX2) and other
TFs, epigenetic regulators and specific signaling pathways are
key elements to orchestrate pluripotency. Although these well-
established TFs are of undeniable importance for pluripotency
maintenance, the search for additional TFs that are able
to interact with core factors to regulate processes related
to pluripotency should be enhanced, and the role of an
expanded core has just begun to be dissected. Moving forward
to the debate on the importance of TFs for pluripotency
and stemness regulation, this will be a fruitful area for
further research.

As presented here, emerging evidence points out the network
plasticity of chaperones controlling the activities of key players
involved in pluripotency maintenance. Chaperones play roles
from shaping chromatin dynamic to controlling transcriptional
regulation of pluripotency genes, to the assistance of proper
folding of these genes when translated into proteins in
different PSCs models (Figures 1, 2). The broad spectrum
of chaperones activities in the essential processes of stemness
control reveals that stem cells exhibit intrinsic proteostasis
mechanism, which can be included as a component of
the pluripotency regulatory network. In somatic cells a

collapse in proteostasis underlies several diseases including
neurodegenerative disease and cancer, conversely, PSCs exhibit
the remarkable capacity to correct and repress proteome
imbalance, indicating that additional investigation is required for
an in-depth understanding of enhanced protein homeostasis in
stem cell biology.

This review brings together classical and recent research on
the control of pluripotency, going through broad important
cellular processes related to this unique and promising feature.
The diversity of these processes embraces different levels of
cellular regulation and shows how complex is the understanding
of the pluripotency context.
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Pluripotent stem cells (PSC) can be used as a model to study cardiomyogenic
differentiation. In vitro modeling can reproduce cardiac development through modulation
of some key signaling pathways. Therefore, many studies make use of this strategy
to better understand cardiomyogenesis complexity and to determine possible ways to
modulate cell fate. However, challenges remain regarding efficiency of differentiation
protocols, cardiomyocyte (CM) maturation and therapeutic applications. Considering
that the extracellular milieu is crucial for cellular behavior control, cardiac niche studies,
such as those identifying secreted molecules from adult or neonatal tissues, allow
the identification of extracellular factors that may contribute to CM differentiation and
maturation. This review will focus on cardiomyogenesis modeling using PSC and the
elements involved in cardiac microenvironmental signaling (the secretome – extracellular
vesicles, extracellular matrix and soluble factors) that may contribute to CM specification
and maturation.

Keywords: cardiomyocytes, pluripotent stem cell, secretome, cell differentiation, maturation

INTRODUCTION

Pluripotent stem cells (PSC), both embryonic stem cells (ESC) and induced pluripotent stem cells
(iPSC), show strong potential to proliferate and differentiate. PSC have already been successfully
differentiated into a number of cell types, including cardiomyocytes (CM) (Murry and Keller,
2008). Key events that regulate lineage commitment can be reproduced in vitro and used as a model
to study cardiomyogenesis, to generate CMs and produce clinically relevant cell populations, and
to evaluate cardiac toxicity or model congenital abnormalities (Kehat et al., 2001; Xu et al., 2002;
Laflamme et al., 2007; Kattman et al., 2011; Burridge et al., 2012). Despite the advances in this field,
new challenges are emerging, mainly related to cardiac differentiation efficiency and the functional
maturation of human PSC-derived cardiomyocytes (hPSC-CM).

This review discusses cardiac differentiation and hPSC-CM maturation approaches that use
extracellular components of the cardiac microenvironment. Initially, an overview of hPSC
cardiomyogenic differentiation protocols was described, indicating some of the essential signaling
pathways that control CM commitment. However, the main focus is to explore the cardiac niche, its
components and the strategies developed to mimic its complexity in vitro. After a brief description
of important signals and interactions available in a tissue niche, we emphasize aspects related to
cardiac extracellular matrix (ECM; composition or structure), soluble factors and extracellular
vesicles (EVs) that could influence in vitro CM differentiation and maturation.
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OVERVIEW OF HEART DEVELOPMENT

The heart is a complex muscular organ composed of several cell
types, including CM, smooth muscle cells (SMC), endothelial
cells (EC), cardiac fibroblasts (cFB), and cardiac progenitor cells
(CPC). Although CM occupy most of the heart volume, they
comprise only ∼40% of the total cells. The other 60% largely
comprises EC and cFB, however, the percentage of each of them
is still not certain (Banerjee et al., 2007; Bergmann et al., 2015;
Pinto et al., 2016).

The heart is the first organ to become functional in the
vertebrate embryo (Brand, 2003). Although the heart develops
early, cardiogenesis is a highly regulated process involving
differentiation and cellular specialization, spatial integration and
coordination of several signaling pathways. Cardiac tissue is
mostly derived from the mesodermal layer and the induction
to the cardiomyogenic phenotype depends on signals derived
from adjacent layers, such as endodermal and ectodermal cells
(Wagner and Siddiqui, 2007; Sun and Kontaridis, 2018). The
signaling factors modulated over heart development include
members of bone morphogenetic proteins (BMPs), Activin and
NODAL, fibroblast growth factor (FGF), and Wingless (Wnt)
families (Brand, 2003; Wagner and Siddiqui, 2007; Liu and
Foley, 2011; Brade et al., 2013; Sun and Kontaridis, 2018). In
Figure 1, we briefly highlight some aspects of embryonic cardiac
commitment that will be important to understand and support
the in vitro differentiation protocols using PSC. The signaling
pathways influencing the stages of cell differentiation and the
cell markers expressed in these different stages are indicated
(Figure 1). For more details about the morphogenesis, signaling
pathways and factors involved in this process, see Wagner and
Siddiqui (2007), Brade et al. (2013), Sylva et al. (2014), Paige et al.
(2015), Sun and Kontaridis (2018).

IN VITRO DIFFERENTIATION OF hPSC

Cardiac cell fate specification occurs through progressive steps
that we are currently able to reproduce at the laboratory. There
are three major strategies to derive CM from hPSC: (1) inductive
coculture, (2) embryoid bodies, and (3) monolayer cultures.
Table 1 summarizes these strategies and their main references
[complete reviews can be found in Burridge et al. (2012),
Mummery et al. (2012), Denning et al. (2016)].

The inductive coculture protocol uses visceral endoderm-
like cells (END-2), which play an important role in signaling
the adjacent mesoderm in developing embryos, to induce the
differentiation of cardiogenic precursor cells. This protocol was
developed by Mummery et al. (2003) and improved by them
in Mummery et al. (2007). The convenience of the coculture
is that it requires few cells and is less time-consuming. On the
other hand, the efficiency of the protocol is very low, and it is
not commonly used.

Three-dimensional aggregates, known as embryoid bodies
(EBs), represent the first structure in which CM could be
produced in vitro. Using a protocol to derive spontaneous
differentiation, contracting structures containing CM and other

germ layer derivatives were generated (Itskovitz-Eldor et al.,
2000). These EBs could also be transferred to attachment
culture plates and give rise to beating areas (Kehat et al., 2001;
Zhang et al., 2009). Studies in animal models have helped with
valuable information for the optimization of in vitro hPSC
differentiation protocols (Marvin et al., 2001; Ueno et al., 2007).
Cardiomyocyte derivation from hPSC can be manipulated and
directed to cardiac lineage by specific elements, such as growth
factors known to be involved in in vivo heart development
(Vidarsson et al., 2010). The same signaling pathways mentioned
above as essential for heart development are also used to
modulate hPSC differentiation in vitro, such as BMP, Nodal,
FGF, and Wnt (Filipczyka et al., 2007). Concentration and
time of addition or removal of specific factors, such as BMP4,
activin A and Wnt modulators, are critical for cardiac lineage
specification and were adapted in the protocols to improve
efficiency (Yang et al., 2008; Kattman et al., 2011; Ren et al.,
2011). A similar idea was applied to the monolayer-based
protocol, in which the use of growth factors and other molecules
could improve efficiency and would not be interfered by the
diffusional barrier present in EBs (Mummery et al., 2012). Using
a defined serum-free medium supplemented with BMP4 and
activin A, Laflamme et al. (2007) reported better efficiency
in CM differentiation in the monolayer system compared to
the EB method. Other adaptations were made (Lian et al.,
2012; Burridge et al., 2014), including the use of more specific
and low cost signaling small molecules, such as CHIR99021
(an inhibitor of glycogen synthase kinase 3), leading to the
monolayer protocol becoming the most popular and routinely
employed cardiogenic differentiation method (Denning et al.,
2016). In addition, the ECM influence was also tested to improve
differentiation efficiency. Combining ECM with growth factor
signaling in a protocol that uses a double Matrigel layer, so-
called matrix sandwich, CM could be generated with high purity
(Zhang J. et al., 2012).

Advances in methodologies to direct cardiac differentiation
helped to improve efficiency in the protocols, increasing the final
percentage of CM (usually cardiac troponin T positive – cTnT+).
However, the purity of these populations is still a limitation in
the field. Some approaches were developed to enrich CM, rather
than other cell types. For example, genetic selection strategies
were based on the expression of a drug resistance gene or reporter
protein gene under the control of a cardiac-specific promoter (Xu
et al., 2008; Kita-Matsuo et al., 2009; Elliott et al., 2011). Reporter
protein genes could also be applied in flow cytometry sorting, as
well as selection by markers from distinct stages of differentiation
(Yang et al., 2008; Lin et al., 2012; Den Hartogh et al., 2015).
Purification of CM using a Percoll gradient (Xu et al., 2002)
and energy metabolism differences (Tohyama et al., 2013) were
also established. In addition to the purity of final populations,
another limitation of in vitro cardiogenic differentiation is that
the currently available methods generate a heterogeneous CM
population that includes a mix of subtypes, such as ventricular,
atrial, pacemaker, and non-contractile cells (Kolanowski et al.,
2017; Friedman et al., 2018). Strategies to derive specific cardiac
cell subtypes are being developed and could help the demand
for therapeutic applications of these cells (Zhang et al., 2011;
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FIGURE 1 | Schematic representation of the initial steps of cardiac lineage commitment. Indication of signaling pathways that influence each differentiation stage and
the specific cellular markers expressed during lineage differentiation. FHF, first heart field. SHF, second heart field.
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TABLE 1 | Three major in vitro cardiac differentiation protocols.

Cardiac differentiation protocols

Strategy Induction method Main References

Inductive coculture
with END-2
visceral endoderm-like
cells

direct coculture or
END-2 conditioned
medium

Mummery et al., 2003, 2007

Embryoid Body (EB) spontaneous
differentiation

Itskovitz-Eldor et al., 2000;
Kehat et al., 2001; Zhang
et al., 2009

growth factors in
defined media (GFs)

Yang et al., 2008; Kattman
et al., 2011; Ren et al., 2011

Monolayer growth factors in
defined media (GFs)

Laflamme et al., 2007

small molecules in
defined media (SM)

Lian et al., 2012; Burridge
et al., 2014

Their main references are indicated.

Karakikes et al., 2014; Devalla et al., 2015; Protze et al., 2016;
Lee J.H. et al., 2017).

Another challenge in the field of hPSC cardiac differentiation
is related to the maturity of hPSC-CM: most of the protocols
generate immature CM. In recent years, a great number of
studies have focused on investigating strategies to improve the
maturation of hPSC-CM and make them more similar to adult
CM (Sartiani et al., 2007; Lundy et al., 2013; Robertson et al.,
2013), which are multinucleated (25–30%) with highly organized
sarcomeres (I, A, and Z bands, M lines and intercalated disks),
T-tubules, high expression of sarcomeric and ion channel genes,
fatty acid β-oxidation metabolism, higher contractile force and
upstroke and conduction velocities (Yang et al., 2014; Dunn
and Palecek, 2018; Machiraju and Greenway, 2019). Among the
approaches to achieve this purpose are the prolonged time for
culture (e.g., 120–360 days), addition of hormones, metabolites
or other soluble factors, mechanical or electrical stimulus,
microtissue development, coculture with other cell types (such
as SMC, cFB, and EC), stiffness regulation, and tridimensional
(3D) cultures with biomaterials or ECM components (reviewed
by Yang et al., 2014; Besser et al., 2018; Dunn and Palecek, 2018;
Machiraju and Greenway, 2019).

Hence, cardiac differentiation efficiency and, consequently,
the purity of the cell population and the immature phenotype
of hPSC-CM are among the challenges regarding the use of
these cells for drug discovery models, development studies, tissue
engineering or cellular therapies. Considering the importance
of the microenvironment for cellular behavior, we believe that
knowledge about the cardiac niche and the use of strategies
to mimic its specificities could improve (or create new) hPSC
cardiac differentiation and maturation approaches. Since the
coordination of all cellular processes including how the cells
participate in the microenvironment is governed, inter alia, by
gene expression, transcriptomic and proteomic analyses can
contribute to the elucidation of cardiac niche specificities and also
help to overcome the challenges of using hPSC-CM.

High-throughput studies have allowed the investigation of
the global changes in gene expression at the transcriptional,

post-transcriptional and protein levels, contributing with
considerable insights about gene regulatory programs that are
crucial to control cardiac tissue formation (Table 2). Distinct
gene expression patterns drive PSC into specific cell types,
consequently, the investigation of sequential stages during
differentiation might help to discover essential molecules that
determines the final destination of a cell. For instance, Paige
et al. (2012) and, more recently, Liu et al. (2017) showed a
temporal alteration in chromatin structure when analyzing
distinct time-points of in vitro cardiomyogenesis. Changes in
DNA methylation and post-transcriptional regulation were
also described during cardiac differentiation and potentially
participate in the modulation of gene regulatory programs
(Tompkins et al., 2016; Fu et al., 2018; Pereira et al., 2019). Key
regulators of cardiovascular development identified in those
studies could be used to improve differentiation protocols,
e.g., activating or inhibiting a specific signaling pathway. In
addition, the identification of new cell surface proteins, such
as the studies of den Hartogh et al. (2016) and Van Hoof
et al. (2010), could provide new markers for development
stages, cell lineage, cell subtype or maturation. Proteomic
approaches also have highlighted important aspects regarding
the cardiac commitment process, such as the metabolic and
mitochondrial maturation described by Poon et al. (2015),
the identification of metabolic and cytoskeletal proteins by
Konze et al. (2017b) and the identification of proteins related
to specific metabolic process, e.g., ketogenesis, described by
Kim et al. (2019). Genes related to the ECM were also shown
as modulated throughout the cardiac commitment process (den
Hartogh et al., 2016; Pereira et al., 2019), and it will be discussed
later in this review.

TISSUE MICROENVIRONMENT:
COMPOSITION, INTERACTIONS,
AND IMPORTANCE

Stem cells are modulated by microenvironmental cues in
which they are embedded. This surrounding microenvironment
is called the stem cell niche and is able to support cell
maintenance and regulate the expansion or differentiation of
stem cell populations. Thus, the stem cell niche was defined
as an anatomical structure that includes cellular and acellular
components, which integrates local and systemic factors that
regulate stem cell behavior (Jones and Wagers, 2008). Since first
being described by Schofield (1978), the niche concept has been
expanded; it currently includes many components: the stem cell
itself and tissue stromal cells; the ECM and related molecules; the
secreted factors and extracellular vesicles (EVs); the blood vessels
that carry systemic signals and cells (as immune regulators); the
neural stimuli; oxygen concentration; and physical cues, such as
shear stress (Jones and Wagers, 2008; Ferraro et al., 2010).

Cell signaling in the niche should be pictured as a
result of multiple interactions and stimuli involving cell-to-
cell connections, adhesive and de-adhesive ECM proteins,
soluble trophic factors, and EVs. Figure 2 depicts some of
the interactions that might occur along with niche networking.
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TABLE 2 | Summary of transcriptomic and proteomic studies based on hPSC cardiac differentiation.

Differentiation method Time-points High throughput method Highlights References

Monolayer in END-2
coculture

Days 0, 1, 3, 6, 9, and 12 Agilent Microarray Identification and validation of
time-dependent gene expression
patterns

Beqqali et al., 2006

EB spontaneous
differentiation

hESC, CM, and hF heart Agilent Microarray hESC-CM promoting recovery from
cardiac ischemia reperfusion injury

Cao et al., 2008

EB in END-2 conditioned
medium

hESC, EBs, CM-Day 21,
fetal heart and adult heart

Illumina microarray Evaluation of the biological
relevance of uncharacterized genes

Xu et al., 2009

EB (GFs) Days 0, 2, 5, 9, and 14 ChIP-seq and Affymetrix array Temporal alterations in chromatin
structure identify key regulators of
cardiovascular development

Paige et al., 2012

EB (GFs) KDRlow/CD166 + hESC or iPS, M-Day 6,
Day 20: CM, SMC, EC

Illumina RNA-seq Lineage-enriched genes and
lncRNAs, RNA splicing isoforms

Li et al., 2015

Monolayer (SM/C) hESC, D3, D4 and
CM-D31

Illumina RNA-seq and
MDB-seq

TFs, miRNAs, lncRNAs and
methylome

Tompkins et al., 2016

Monolayer (GFs, SM/C) ∗
Day 3 MESP1 + sorting

Days 0, 3, 5, 7, 10, and 14 Illumina Microarray Regulation of ECM components
and new cell surface markers

den Hartogh et al., 2016

Monolayer cardiomyocyte
differentiation kit (Thermo
Fisher Scientific)

Days 0, 2, 4, and 30 RNA-seq and ATAC-seq Mapping open chromatin patterns Liu et al., 2017

Monolayer (GFs) Days 0, 12 and 20 Illumina Microarray and
ChIP-seq

Genetic and epigenetic changes
and a role for NR2F2

Pursani et al., 2017

Monolayer (SM/C) Days 0, 2, 5, 15, and 30 Illumina single-cell RNA-seq Cardiomyocyte hypertrophy and
maturation

Friedman et al., 2018

Monolayer (SM/C) Days 0, 5, 14, and 45 Single-cell RNA-seq Single-cell heterogeneity Churko et al., 2018

EB (SM/C) Days 0, 2, 5, 15 and 30 Illumina RNA-seq and RRB-seq TFs, lincRNAs and DNA
methylation changes

Fu et al., 2018

EB (GFs) Days 0, 1, 4, 9, and 15 Illumina RNA-seq polysome Polysomal RNAs and
post-transcriptional regulation

Pereira et al., 2018

Monolayer (SM/C) Days 0, 2, 5, and 14 RNA-seq and ATAC-seq Interplay of local and global
chromatin structure on gene
regulation

Bertero et al., 2019

Monolayer in END-2
coculture

differentiated hESC,
enriched populations of
hESC-derived CM and
primary hF CM

SILAC-based quantitative MS Identification of cell surface proteins
for antibody-based selection

Van Hoof et al., 2010

EB (GFs) hESC, hESC-VCMs,
hF-VCMs, and hA-VCMs.

2D-Differential-In-Gel
Electrophoresis followed by MS

Metabolic and mitochondrial
maturation

Poon et al., 2015

Monolayer (GFs, SM/C) Days 0, 5, and 14 label-free quantitative Identification of known and
unknown regulatory proteins

Hofsteen et al., 2016

Monolayer (SM/C) Days 0, 20, and 35 SILAC-labeled Metabolic and cytoskeletal proteins Konze et al., 2017b

Monolayer (SM/C) Days 0, 7, and 15 SILAC upon PAL-based
capture of sialylated
glycoproteins (glyco-proteomic)

Global proteomic,
sialo-glycoproteomic, and glycomic
characterization

Konze et al., 2017a

Monolayer (SM/C) Days 0, 5, and 15 Three-plex tandem mass tag
labeling

Identification of proteins associated
with branched chain amino acid
degradation and ketogenesis

Kim et al., 2019

CM, cardiomyocytes; END-2, visceral endoderm-like cells; EB, embryoid body; EC, endothelial cells; GFs, growth factors; hF, human fetal; hA, human adult; iPSC, induced
pluripotent cell; lncRNA, long non-coding RNA; M, multipotential cardiovascular progenitor cells; miRNA, microRNA; MS, mass spectrometry SMC, smooth muscle cells;
SM/C, small molecules and chemical compounds; TFs, transcriptional factors; VCM, ventricular cardiomyocytes.

The complex netting of fibrillar proteins, proteoglycans and
glycoproteins that compose the ECM acts in support and
structure cells in the niches. In addition, ECM proteins and
bioactive fragments released from the ECM by enzymatic
degradation (the so-called matrikines) trigger cellular responses
through interaction with cell receptors (Rozario and DeSimone,
2010; Ricard-Blum and Salza, 2014). Additionally, the ECM
provides signals to the cells through its mechanical features

(e.g., stiffness and elasticity) and its ability to function as
a reservoir of growth factors and other bioactive elements.
These secreted soluble factors may act locally or may diffuse
throughout the niche, generating a concentration gradient (Jones
and Wagers, 2008; Brizzi et al., 2012) that activates/inhibits
signal pathways in the cells through autocrine/paracrine routes.
Furthermore, another important player to consider on the niche
site is the EVs that load different types of cargo (e.g., proteins,
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FIGURE 2 | Types of interactions at the cell–niche interface. In (1), a
representative interaction between the cell and ECM is shown, whereas the
matrikine-receptor interaction is pictured alongside the scissor, which
represents matrix proteases. The ECM can also bind to and present a given
trophic factor to the cell, as depicted in (2). The typical cytokine–receptor
interaction is shown in (3). Cell-to-cell interactions are illustrated in (4), both by
interacting membrane adhesive proteins and through ECM-integrin-mediated
interaction. Finally, extracellular vesicle-driven signaling is represented in (5).

small RNAs, lipids) and function in intercellular communication
(Stik et al., 2017; Durand et al., 2018).

Distinct stem cell populations are arranged in unique and
specific tissue microenvironments (Xin et al., 2016), within which
the way stem cells behave depends on the interactions between
specific cells and niche elements. Regarding the heart, cardiogenic
niches are highly dynamic, presenting different functionalities
and characteristics according to the stage of development of
the heart and its physiological state. During the early stages
of development, the elements of the cardiogenic niche play
roles related primarily to cell expansion and specification,
controlling the size and shape of cardiac structures. Subsequently,
the niche elements stimulate the completion of differentiation
and maturation of cardiac cells (revised by Christalla et al.,
2012). In the adult heart, however, the current understanding
of the cardiac niches is limited. Fatih Kocabas et al. (2012)
identified putative cardiac niches in the heart epicardium
and sub-epicardium with low oxygen tensions and housing a
metabolically distinct population of glycolytic progenitor cells.
Future attempts to characterize the stem cell niches in the heart
atria and apex, however, are controversial. Nevertheless, cardiac
niches may contain quiescent stem cells and progenitors in
addition to the influence of all other heart cells (e.g., EC, CM,
and SMC) that interacts and communicate together secreting
a wide range of ECM proteins and soluble factors (reviewed
by Aguilar-Sanchez et al., 2018).

Besides cell-to-cell interactions, ECM and soluble trophic
factors present in the tissue microenvironment, other important
modulators to consider are the biomechanical and electrical
stimuli that influence the differentiation and maturation of
cardiomyocytes, and the correct formation of the heart.
Mechanical forces present during cardiac development include
shear and strain stress, flow forces (i.e., blood flow), pressure
and stretch. These mechanical signals are sensed by cells and
converted into intracellular signals that activated pathways that
induce gene expression and cellular commitment. The perception

and transmission of signals involve both cell–cell and cell–ECM
interactions (reviewed by Lindsey et al., 2014; Andrés-Delgado
and Mercader, 2016; Stoppel et al., 2016). The mechanical force
dynamics in the development of the heart involves, e.g., cFB that
secrete a great amount of ECM proteins influencing the stiffness
and topography of the organ while cardiomyocytes improves
expression of sarcomeric proteins increasing the contractile stress
and tissue strength. As a result, the heart pumps more blood,
which increases the flow forces (reviewed by Majkut et al., 2014).
All these biomechanical forces are interconnected and influence
different processes during heart formation, from the proliferation
and differentiation of cardiomyocytes to the correct formation
of valves and cardiac chambers. Considering the importance of
mechanical and electrical signals in cardiac development, many
approaches have been developed in an attempt to understand
and mimic these signals in vitro, with the aim of improving
cardiomyocyte differentiation or maturation (reviewed by Zhu
et al., 2014; Stoppel et al., 2016; Besser et al., 2018).

Some possibilities to approach cell-niche signaling relies on
the use of PSC cardiomyogenic modeling, culture of cardiac
tissue explant/cardiospheres and isolated cell populations (e.g.,
cardiac progenitor cells). Figure 3 summarizes the current
strategies used to model cardiomyogenesis or cardiac cell/tissue
behavior in vitro and ways to analyze the cardiac secretome
(CS). The secretome comprises the complex set of secreted
molecules/vesicles from cells to the extracellular space. At
the cell–environment interface, the biological activity of the
secretome is exerted by the modulation of signal transduction
pathways that direct fundamental biological processes on cells,
including cell fate and proliferation (Reus et al., 2016). Through
the analysis of the ECM composition, soluble factors and EVs
derived from cell and tissue cultures, we can search for essential
signals and understand regulatory networks underlying human
heart development. Regarding this issue, genomic and proteomic
studies have provided important contributions (Reus et al., 2016;
Wolling et al., 2018; Leitolis et al., 2019; Pereira et al., 2019).
In the next sections, we will describe approaches to study the
composition of cardiac secretome and discuss strategies that use
the extracellular signals to induce PSC cardiac differentiation and
maturation of PSC-CM.

EXPLORING THE CARDIAC ECM:
COMPOSITION, TISSUE ENGINEERING
STRATEGIES AND IN VITRO MODELING

Considering the actual challenges related to the use of PSC, the
development of three-dimensional (3D) heart tissues constructs
represents a strategy to improve in vitro models, both for studies
concerning heart physiology and drug screening and to advance
in vivo (translational) applications (Hirt et al., 2014; Ogle et al.,
2016). However, recapitulating the complexity of cardiac tissue
in vitro – structure, composition, and mechanical properties – is
not an easy task. In this context, knowing the ECM, an important
niche component, may have a relevant role in the development
of new approaches to mimic heart tissue. Some methodologies
use synthetic or natural biomaterials, singular ECM proteins or
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FIGURE 3 | Scheme of different approaches to isolate the cardiac secretome. Extracellular matrix, soluble factors and extracellular vesicles can be obtained from the
cardiomyogenic developmental process (using hPSC) or from adult tissues through the use of different strategies. The process of hPSC cardiac differentiation can
occur using 2D (monolayer) or 3D (embryoid bodies) cultures. On the other hand, with fragments of neonate or adult heart, we could isolate specific cell populations
from the tissue (e.g., fibroblasts, cardiac progenitors) or culture the entire or parts of the cardiac tissue.

their combinations, and decellularized cardiac tissue (Smith et al.,
2017; Zhang et al., 2017).

Cardiac ECM Composition
The ECM is not an inert scaffold restricted to supporting
and structuring cells in tissues or organs but is also an
important modulator of cellular responses either through its
direct interaction with cell receptors, through the control of
growth factor activities, controlling their diffusion or release,
and transmitting mechanical signals (Rozario and DeSimone,
2010). ECM proteins comprise approximately 1–1.5% of the
mammalian proteome called the “core matrisome,” which
is composed of approximately 300 proteins shared among
glycoproteins, proteoglycans and many collagen types. In
addition, there are a great number of ECM-associated proteins,
including the group of mucins and lectins, enzymes, matrix
metallopeptidases, and secreted factors, such as chemokines,
interleukins, and growth factors (Hynes and Naba, 2012; Naba
et al., 2012, 2016). Considering the diversity of ECM components,

the content of ECM varies among tissues, phase of development
and according to the pathophysiological state of an organ
(Christalla et al., 2012; Bonnans et al., 2014; Kular et al., 2014).

The cardiac ECM composition and function have been studied
over the last few years. Several collagen types, fibronectin,
laminin, fibrillins, proteoglycans, such as perlecan, agrin and
glypicans, and glycosaminoglycans, mainly hyaluronan, are
among the constituents of heart ECM (Lockhart et al., 2011;
Rienks et al., 2014). As a dynamic milieu, the expression of the
heart ECM varies during cardiac development and, accordingly,
development of the heart region. Furthermore, it was previously
described that the deletion of some ECM proteins causes serious
heart defects, many of them causing embryonic lethality, as
reviewed by Lockhart et al. (2011). Another component present
in the ECM, which is important in the development of the heart
and in its response to injury, is matricellular proteins. Although
these proteins do not have structural function, they interact
with surface receptors, growth factors, and ECM, among others,
aiming to integrate the signals of the microenvironment. Among
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the members of this group are thrombospondin, tenascin, SPARC
(acid secreted protein and cysteine rich), osteopontin, periostin
and members of the CCN family (Frangogiannis, 2012, 2017;
Rienks et al., 2014; Rienks and Papageorgiou, 2016).

Among heart cells, cFB are the main producers of cardiac
ECM proteins. They are responsible for the ECM homeostasis,
maintaining the balance between production and degradation of
ECM proteins that are essential for the correct heart function.
Despite its importance, there is still a lack of knowledge about
the surface markers that could reveal their real molecular
identity and, even, about functionality during the development
of the heart. The cFBs are mainly derived from cells of the
epicardium (with some contribution of the endothelium) that
undergo epithelial-to-mesenchymal transition. In addition to
ECM proteins, they secrete soluble factors (as will be discussed
later in this review) and are also important in transducing
and responding to electromechanical signals (Furtado et al.,
2016; Civitarese et al., 2017; Tallquist and Molkentin, 2017).
Interestingly, it was described that cFB expressed many specific
cardiogenic genes, different of fibroblasts from other sources
(Furtado et al., 2016). In adult heart, several factors can affect
cFB activation, including response to injury. In this case, cFB
can differentiate into myofibroblasts, which have increased
proliferative and secretory capacity. The raise in the number of
cFB and/or the deposition of ECM proteins causes fibrosis and,
consequently, changes the rigidity of the tissue, the interaction
between the cells, impairs myocyte contractility, oxygenation
and metabolism (Tirziu et al., 2010; Martin and Blaxall, 2012;
Fountoulaki et al., 2015), completely changing the cardiac
microenvironment.

Originally, to better understand the role of cardiac ECM
in embryonic development and elucidate its composition, the
majority of studies used murine and other animal models
(chicken, zebrafish) or were based on data related to congenital
human cardiac diseases (Lockhart et al., 2011). Recently, one
alternative is the use of hPSC cardiomyogenic differentiation
to investigate ECM proteins secreted by cells. High-throughput
analysis during hPSC differentiation showed that genes related
to the ECM are modulated throughout the cardiac commitment
process (den Hartogh et al., 2016; Pereira et al., 2019).
Additionally, it was verified that during CM differentiation,
total proteoglycan and hyaluronan decreased (Chan et al.,
2010); meanwhile, using an endogenous optical signal, it was
showed that elastin increased until day 9 of the murine EB
differentiation protocol, and type I collagen (Col I) increased over
12 days (Thimm et al., 2015). Using a spontaneous differentiation
protocol and isolating the beating areas, it was demonstrated that
hESC-CM were surrounded by types I, IV, and XVIII collagens,
laminin isoforms and fibronectin (FN) (van Laake et al., 2010).

In an attempt to characterize the CPC niche, Schenke-
Layland et al. (2011) isolated fetal mouse and human hearts
and identified a population of CPC that expressed Isl1+Flk1+.
This population was delineated by a basement membrane with,
primarily, collagen type IV (Col IV) and laminin, while FN and
Col I were also present but more distant from it. Considering
these results, it was shown that murine ESC (mESC) monolayer
cultures with Col IV and laminin increase the number of CPC

(Flk1+), a number that was even higher in 3D Col IV cultures
(Schenke-Layland et al., 2011).

Myocardial Tissue Scaffolds
More recently, the understanding of the native ECM composition
and its role in cell behavior has advanced due to decellularization
approaches (Crapo et al., 2011). Decellularization techniques
aimed to remove all cellular components of an organ or
tissue, maintaining the ECM proteins and structure (Crapo
et al., 2011; Tang-Quan et al., 2018). This approach leads
to distinct possibilities, including the development of new
cardiac tissue engineering strategies, through the use of
decellularized/recellularized organs in transplants, as well as
allowing the characterization of the cardiac ECM in normal
or pathological conditions. Over the last 10 years, different
decellularization and recellularization strategies were developed
and performed with murine (Ott et al., 2008; Carvalho et al.,
2012; Lu et al., 2013; Wang et al., 2019), porcine (Ott et al., 2008;
Weymann et al., 2014; Ferng et al., 2017; Lee P.-F. et al., 2017),
bovine (Arslan et al., 2018) and even human (Sánchez et al., 2015;
Garreta et al., 2016; Guyette et al., 2016) heart tissue (revised by
Scarrit et al., 2015; Tang-Quan et al., 2018).

Regarding ECM characterization, histochemical and
immunofluorescent analyses were performed to visualize
the ECM structure and some of its components. Large-scale
proteomic analysis through mass spectrometry of matrix proteins
could be difficult, since they are poorly soluble as a result of
their macromolecular nature, extensive posttranslational
modifications and the tendency to form protein complexes
(Chang et al., 2016; Lindsey et al., 2018). Nevertheless, many
approaches have sought to improve the protocols for mass
spectrometry ECM characterization, allowing the identification
of heart ECM proteins and collaborating with advances in the
area (Lindsey et al., 2018). The number of extracellular proteins
identified varies according to the form of ECM solubilization,
analysis and equipment used.

Different extracellular protein combinations were identified
after decellularization processes in the infarcted area of the mouse
left ventricle (De Castro Brás et al., 2013), in normal porcine
myocardium (Perea-Gil et al., 2018), after ischemia/reperfusion
porcine heart injury (Barallobre-Barreiro et al., 2012), from
rat hearts (Nguyen et al., 2018) and others. Human cardiac
tissues were also characterized under normal conditions (Guyette
et al., 2016; Johnson et al., 2016; Robert et al., 2017). For
example, Johnson et al. (2016) used ECM-target and non-
target methodologies to quantify 43 proteins in decellularized
samples and identified more than 200 proteins in the global
approach; these researchers also verified some variation in
ECM composition between different heart donors. Despite the
differences, in general, the matrisome components found in
greater quantity in decellularized cardiac ECM are collagen types,
glycoproteins, such as fibronectin, and members of the basal
membrane, such as laminins and perlecan.

Rat neonatal CM, EC (rat or human origin), hCPC, mesen-
chymal stem cells (MSC), hPSC and hPSC-CM or hPSC-CPC
were some of the cells used for tissue recellularization (Scarrit
et al., 2015; Tang-Quan et al., 2018). Using undifferentiated
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hESC or hESC-derived mesendodermal cells, Ng et al. (2011)
recellularized mouse hearts and, after 14 days under static
culture conditions, cells began to express cardiac markers, such
as cTnT, Nkx2.5, Myh6, and others. However, the cells were
unable to contract, even in vivo (Ng et al., 2011). Lu et al.
(2013) demonstrated that hiPSC-derived cardiac multipotent
progenitors perfused into a decellularized mouse heart were able
to migrate, proliferate and differentiate in situ into CM, SMC and
EC, showing spontaneous contractions after 20 days, but they
did not reach complete organ recellularization (Lu et al., 2013).
Indeed, whole organ recellularization is an important barrier in
cardiac tissue engineering. As a consequence, recent approaches
include the use of cardiac patches with fragments/slices of
decellularized matrices or its soluble form/hydrogel.

When undifferentiated mESC were cultured in slices of
decellularized mouse hearts, they were able to express higher
levels of cardiac markers in comparison with mESC cultured in
slices of decellularized liver (Higuchi et al., 2013). Through the
use of laser-cut sections of decellularized porcine myocardium,
it was developed a system capable of maintaining hPSC-CM
with organized sarcomeres and gap junctions that allowed
the characterization of the biomechanical function of these
EHT (Schwan et al., 2016). Pieces of decellularized rat heart
were cultured with MSCs and hPSC-derived mature ventricular
CM, which attached and formed a tissue-like structure with
not only CM but also SMC and EC (Li et al., 2017).
Other types of decellularized ECM were also tested both
to support and differentiate PSC and to maintain PSC-
CM. Hong et al. (2018) verified that decellularized mouse
skeletal muscle was able to induce mESC to differentiate to
a cardiac phenotype and supported mESC-CM (Hong et al.,
2018). In addition, human placenta-derived hydrogel is another
decellularized ECM that proved to be sufficient to maintain and
generate more synchronized and electrically coupled hiPSC-CM
(Francis et al., 2017).

Using human decellularized cardiac tissue, Oberwallner et al.
(2015) showed that this ECM could support the mESC and
iPSC and favored cardiac lineage differentiation (Oberwallner
et al., 2015). More recently, slices of decellularized human heart
cultured with PSC-CM presented spontaneous beating after
7–10 days, confirming cell–matrix interaction, demonstrated
better electrophysiological response than in Matrigel and showed
increased expression of cardiac ion channels in CM (Garreta
et al., 2016). Additionally, Guyette et al. (2016), using two
different tissue thicknesses and PSC-CM, showed spontaneous
tissue contraction after 4–10 days, maintenance in culture for
60 or 120 days and the formation of a mechanical and electrical
active myocardial tissue (Guyette et al., 2016).

Despite 3D approaches, an alternative is the use of hydrogels
derived from decellularized ECM. Hydrogel prepared from
decellularized porcine hearts combined with Col I, in proportion
75% ECM and 25% collagen, increased the number of cells
expressing cTnT in comparison with those hydrogels with
low ECM content (25%) or 100% collagen. This strategy also
improved the maturation of hESC EBs, as demonstrated by the
upregulation of connexin 43 (Cx43), the cardiac troponin I (cTnI)
striation patterns, the improvement in the number of contracting

cells and in the contraction amplitude (Duan et al., 2011).
Fong et al. (2016) used hydrogels derived from decellularized
bovine adult and fetal hearts in culture with hiPSC-CM in
2D (coating) and 3D (cardiac ECM + fibrinogen) approaches.
These researchers demonstrated that 3D cultures with adult
cardiac heart showed better improvement in CM maturation,
mainly related to higher expression of mature cardiac genes
(MYL2, Cx43, SERCA2a, and HCN4) and increased calcium
signaling and kinetics compared with CM in 2D cultures (Fong
et al., 2016). Together, these results indicate that native ECM
provides a microenvironment capable of differentiating cells and
providing a scaffold for the culture of CM, improving, at least
in part, the maturation of these cells. These and other strategies
used to induce differentiation and maturation of PSC-CM are
summarized in Table 3.

Isolated ECM Components
In addition to the use of complex matrices and based on
previous knowledge regarding cardiac ECM components, studies
were performed with isolated ECM components. Many studies
have used different combinations of ECM proteins to improve
cardiac differentiation. hESC differentiated in a specific ratio of
fibronectin (FN) and laminin (70:30) showed more differentiated
cells than gelatin cultures, and its effects may be related to the
integrin-mediated MEK/ERK signaling pathway (Sa et al., 2014).
Furthermore, to optimize miPSC cardiac differentiation, Jung
et al. (2015) investigated various combinations of ECM proteins.
A systematic optimization indicated that a solution containing
61% Col I, 24% laminin-111 and 15% FN increased the
number of cells expressing cTnT, MHCa, and α-actinin compared
with suboptimal solutions (Jung et al., 2015). Additionally, it
was demonstrated that the combination of ECM components,
including FN, types I, III, and IV collagens, was important to
allow hESC-derived cardiac progenitors to attach and survive (Lu
et al., 2017). Recently, Yap et al. (2019), after verifying the higher
expression of laminin-221 (LN-221) in adult cardiac tissue,
developed a LN-221-based cardiac differentiation protocol,
which reached more than 80% TNNT2+ cells and presented
high reproducibility with 2 different hESC lines. Additionally,
the cardiac progenitors generated during this process were able
to improve cardiac function in mice after myocardial infarction
(Yap et al., 2019).

In addition to affecting PSC cardiac differentiation, niche
components and structure could also be used to stimulate the
maturation of PSC-CM. Then, studies have attempted to use
both 2D or 3D cultures with synthetic or natural matrices to
reach this goal. To generate a microenvironment favorable to
CM maturation, hPSC-CM and non-CM cells (as FB, SMC, and
EC) were seeded in a Col I gel localized around a template
suture in a poly(dimethylsiloxane) (PDMS) channel – a platform
called “biowire.” Using this 3D structure associated with electrical
stimulation, CMs increased their size, acquired a characteristic
rod-like shape and an organized sarcomeric banding, presented a
lower proliferative rate and improved Ca+2 handling properties.
This finding indicates that the “biowire” platform with electrical
stimulus (6 Hz) was able to induce hPSC-CM to a more mature
phenotype (Nunes et al., 2013).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 August 2019 | Volume 7 | Article 16454

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


fcell-07-00164 August 8, 2019 Time: 16:47 # 10

Leitolis et al. Cardiomyogenesis Modeling and the Role of Microenvironmental Signaling

TABLE 3 | Summary of ECM approaches to improve PSC cardiomyogenic differentiation and/or PSC-CM maturation.

Decellularized heart
ECM

Method Cells Highlights References

Whole organ Mouse ECM. Injected cells. hESC or hESC-derived
mesendodermal cells

After 14 days, both cell types expressed cardiac
markers genes (cTnT, NKX2.5). No spontaneous
contraction.

Ng et al., 2011

Mouse ECM. Cells perfunded
with growth factors.

hPSC-derived cardiac
multipotent progenitors

Cells differentiate in situ in CM, SMC, and EC.
Spontaneous contraction after 20 days. No
complete recellularization.

Lu et al., 2013

Human ECM. Injected cells.
Human heart bioreactor.

hiPSC-CM After 14 days, cells remained viable, integrate with
matrix and showed a range of maturity. No
complete recellularization.

Guyette et al., 2016

Slices Mouse ECM. 60-µm thick slices. mESC Higher levels of cardiac markers in comparison
with liver decellularized ECM.

Higuchi et al., 2013

Porcine ECM. 150-µm thick
slices. Laser-cut sheets.

hPSC-CM Developed of an EHT for biomechanical
characterization of PSC-CM. Cells presented
organized sarcomeres and formed gap junctions.

Schwan et al., 2016

Rat ECM. MSCs and hPSC-derived
ventricular CM

EHT with 75% CM and 25% MSC. After 2 weeks,
cells formed a tissue-like structure with
spontaneous contraction and CM, SMC and EC.

Li et al., 2017

Human ECM from patients with
end-stage non-ischemic dilated
cardiopathy. 300-µm thick slices.

mESC, miPSC Supported PSC proliferation. Increase expression
of cardiac markers.

Oberwallner et al.,
2015

Human ECM. 400-µm thick
slices.

PSC-CM Spontaneous beating after 7–10 days. Better
electrophysiological response. Uniform
contraction, functional gap junctions. Increase
expression of cardiac ion channels in CM.

Garreta et al., 2016

Human ECM. 200-µm thick
slices. Cardiac fiber bundles with
15 mm length, 2.5 mm diameter.
Injected cells.

PSC-CM Cells adhered, remained viable and functional.
Spontaneous beating after 4–10 days.
Maintenance in culture for 60–120 days. Formation
of mechanical and electrical tissue.

Guyette et al., 2016

Hydrogel Different hydrogels composition:
75%, 25% or 0% of porcine
ECM.

hESC EBs The hydrogel composed of 75% porcine
ECM:25% collagen increase the number of cells
cTnT + Improve expression of Cx43, number of
contracting cells and contraction amplitude.

Duan et al., 2011

2D (coating) or adult (cardiac
patch) bovine adult and fetal ECM

hiPSC-CM 3D cultures with adult tissue showed higher
expression of mature cardiac genes. Increase
calcium signaling.

Fong et al., 2016

3D bioprinting Porcine ECM. Different bioinks
composition.

hCPC and/or MSC Improve maturation of CPC. MSC + VEGF
promoted vascular formation.

Jang et al., 2017

Decellularized porcine ECM
bioink. Custom digital light
processing (DLP)-based
scanningless and continuous 3D
bioprinter.

hiPSC-CM Improve expression of mature cardiac genes. Yu et al., 2019

ECM preparations

ECM proteins Different proportions of
fibronectin and laminin.

hESC Ratio Fibronectin and Laminin (70:30) improve the
number of differentiated cells (higher than 60%
cTnI +).

Sa et al., 2014

Systematic optimization of
different ratios of type I collagen,
laminin and fibronectin.

miPSC Hydrogel composed of 61% type I collagen, 24%
laminin-111 and 15% fibronectin increase number
of cells (cTnT+).

Jung et al., 2015

Different combinations of laminin,
fibronectin, types I, III and IV
collagens.

hESC- derived CPC Combinations of ECM proteins improve CPC
attachment and survival. Fibronectin, types I, III
and IV collagens showed better results.

Lu et al., 2017

Development of a Laminin-221
based cardiac differentiation
protocol.

hESC Combination of LN-521 + 221 matrix generated
more CM (∼80%). High reproducibility confirmed
by bulk and single-cell RNA-seq.

Yap et al., 2019

(Continued)
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TABLE 3 | Continued

Method Cells Highlights References

Biowire platform: Cells culture in
type I collagen gel around a
suture in a PDMS channel.
Associate with electrical
stimulation.

hPSC-CM and non-CM
cells (e.g., FB, SMC, EC).

CM increase size, rod-like shape, organized
sarcomeric banding, lower proliferative rate,
improved Ca(+2) handling.

Nunes et al., 2013

Matrigel Cells encapsulated in 3D cardiac
strips composed of matrigel and
type I collagen. Associated with
mechanical cyclic stretch.

hESC-CM associated or
not with non-CM cells

Conditions with non-CM cells improve more CM
maturation. Cyclic stretch improved sarcomere
size and expression of mature cardiac genes.

Zhang et al., 2017

Cardiopatch hydrogel composed
of matrigel, fibrinogen and
cardiac media.

hPSC-CM Improve expression of mature cardiac genes,
sarcomeric banding, lower proliferative rate, more
mature electrophysiology.

Shadrin et al., 2017

Coating with fibronectin or
matrigel in glass coverslips or
PDMS membranes.

hPSC-CM Matrigel in PDMS improve CM electrophysiology,
number of binucleated cells, expression of
sarcomere and myofilament markers.

Herron et al., 2016

Matrigel Matress:
0.4–0.8 mm-thick of undiluted
matrigel.

hiPSC-CM CM developed rod-shape morphology, increase
sarcomere size, upstroke velocity and expression
of cardiac markers.

Feaster et al., 2015

Cells culture in matrigel or
hyaluronan-based hydrogel
associated or not with
pro-survival factors.

hiPSC-CM In vivo, CM in matrigel presented a more mature
phenotype.

Ogasawara et al.,
2017

Fibrin 3D fibrin cardiac patch. hESC-CM (SIRPA cells) Improve sarcomere size, conduction velocity and
expression of cardiac genes.

Zhang et al., 2013

3D fibrin matrix. hiPSC-CM Increase sodium current density and upstroke
velocity.

Lemoine et al.,
2017

Fibrin hydrogels associated with
stretch and electrical stimulation

hiPSC-CM Early-stage iPSC-CM associated with physical
conditioning at an increasing intensity accelerated
maturation, showed superior electrophysiological
properties, CMs with increase cell size and
sarcomere length.

Ronaldson-
Bouchard et al.,
2018

EBs, embryoid bodies; CM, cardiomyocytes; SMC, smooth muscle cells; EC, endothelial cells; VEGF, vascular endothelial growth factor; MSC, mesenchymal stem cells;
CPC, cardiac progenitor cells.

Comparisons of 2D and 3D cultures were performed by other
groups. Using a 3D fibrin-based cardiac patch, differentiated
EBs were dissociated and seeded with different percentages of
SIRPA+ cells (CM marker) on the patch. Compared to monolayer
cultures, 3D scaffolds augmented the conduction velocity, the size
of sarcomeres and the expression of cardiac genes in hESC-CM
(Zhang et al., 2013). Also, 3D cardiac strips produced through
encapsulation of hESC-CM – with and without other niche
cells (FB or MSC) – in Matrigel and Col I, associated with
mechanical cyclic stretch, demonstrated potential in mature CM.
Although all the conditions could generate a level of maturation
in CM, those cultured with MSC or FB presented a more mature
phenotype. Additionally, the use of cyclic stretching improved
the sarcomere length and gene expression of maturation markers
(Zhang et al., 2017).

Another platform of 3D construct is the “cardiopatch,”
a hydrogel composed of fibrinogen, Matrigel and cardiac media
mixed with CM. During 5 weeks of differentiation, hPSC-CM
presented sarcomeric banding (including M-band and T-tubules),
enhanced expression of markers related to the cardiac maturation
process (e.g., TNNI3, MYL2, CASQ2, and CKM), progressive
decrease in cell proliferation, higher conduction velocity, among
others (Shadrin et al., 2017). Comparing a 3D EHT generated
with hiPSC-CM in a fibrin matrix with 2D monolayer cultures,

Lemoine et al. (2017) demonstrated that the EHT strategy
increased sodium current density and upstroke velocity, both
values more similar to those from adult human CM (Lemoine
et al., 2017). Furthermore, early-stage hiPSC-CM incorporated
into fibrin hydrogels subjected to stretch and electrical stimulation
(increase intensity training) accelerated CM maturation,
confirmed by expression of mature cardiac makers, increase cell
size and sarcomere length and mature-like electrophysiological
responses (Ronaldson-Bouchard et al., 2018).

The Matrigel
R©

, a commercially available protein mixture
used in maintenance of PSC and cardiac differentiation
protocol (Zhang J. et al., 2012), was also applied to different
strategies, alone or in combination with specific ECM proteins.
For example, Herron et al. (2016) tested different ECM
combinations to improve the maturation of hPSC-CM: coating
of FN or Matrigel in glass coverslips or PDMS membranes.
Matrigel+ PDMS promoted greater CM maturation. Parameters
such as conduction and upstroke velocities, electrophysiological,
number of binucleated and proliferated cells, expression of
mature sarcolemal and myofilament markers resemble that of
mature CM under optimal conditions (Herron et al., 2016).
Another strategy developed was the “Matrigel Mattress.” In this
method, 0.4- to 0.8-mm-thick undiluted Matrigel

R©

was prepared,
and the hiPSC-CM cultured on this substrate developed a more
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rod-shaped morphology, increased sarcomere length, upstroke
velocity and expression of cardiac markers (Feaster et al., 2015).

This type of methodology could be combined with in vivo
maturation. For example, hiPSC-CM was diluted on Matrigel
with pro-survival factors or on a hyaluronan-based hydrogel
associated or not with pro-survival factors and transplanted
into an infarcted rat. After 4 weeks, the CM cultured on
Matrigel + factors presented a more mature phenotype than
the other groups (Ogasawara et al., 2017). Kadota et al. (2017)
compared cells transplanted in neonatal rat hearts uninjured
and infarcted adult rat hearts. In all situations, the hiPSC-CM
engrafted and survived in rat hearts, but it was the adult tissue
that promoted faster CM maturation.

Among the most recent strategies to produce an environment
for CM maturation is the use of 3D printing technologies. For
instance, 3D printing allows the building of specific patterns
of 3D constructs (Ma et al., 2018) and the use of solubilized
decellularized ECM as bioink to culture with CPC (Jang et al.,
2017) or iPSC-CM (Noor et al., 2019; Yu et al., 2019) to improve
maturation of the cells. Considering the results discussed in
this study, we showed that mimic ECM microenvironmental
signals using 3D cultures, combinations of ECM proteins or a
natural scaffold are important modulators that influence cardiac
differentiation or maturation.

CARDIAC SOLUBLE FACTORS:
EFFECTS ON CARDIOMYOCYTE
FATE AND BEHAVIOR

To maintain their functions properly, chemical signaling in the
heart should be orchestrated by a variety of signals released by
myocyte and non-myocyte cells. As mentioned previously, the set
of those signals constituted by secreted soluble factors comprises
the CS. CS include several bioactive molecules, such as growth
factors, endocrine hormones, cytokines and peptides (Doroudgar
and Glembotski, 2012). In addition, CS may also contain
extracellular vesicles (EVs) that load different types of cargo,
which may vary with biogenesis, cell type, and physiological
conditions (Abels and Breakefield, 2016). Because of the complex
interplay between cardiac factors, cell communication in the
heart has not been fully elucidated to date. However, extensive
evidence indicates that the secretome from cardiac cells may
influence CM development and behavior.

One approach to studying and decipher the actors of cellular
communication in the heart is the analysis of the conditioned
medium from in vitro cultures of cardiac cells (Figure 3), such
as cardiospheres (Sharma et al., 2015), cardiac resident cells
(Zhang et al., 2015; Reus et al., 2016) and heart explant tissues
(Schittini et al., 2010). In the last several years, mass spectrometry
approaches have been used for signaling investigation. According
to Lindoso et al. (2016), this approach provides an overview
of proteins present in media and enables a measurement of
protein level changes during normal or pathophysiological
conditions. Recently, a study analyzed the secretome collected at
seven different time points during in vitro CM differentiation.
The authors found 1802 proteins significantly regulated during

differentiation of which 431 are annotated as secreted. Numerous
proteins that remarkably vary during the differentiation process
affect the Wnt, TGFβ, Activin A, Nodal, BMP and FGF signaling
pathways (Wolling et al., 2018). The identification of paracrine
factors that modulate CM differentiation, proliferation and
maturation may help the development or improvement of
protocols for the in vitro differentiation of CM from PSC. In
this section, we provide a broad overview of recent investigations
of paracrine factors that affect CM with an emphasis on those
released by the main types of cardiac cells. We also explore studies
involving EVs and its influence in cardiac cell behavior.

Signaling From Cardiac Resident Cells
Endothelial Cells
EC constitute an important component of the heart. Recently,
ECs were identified as one of the most abundant cell types
in this organ (Pinto et al., 2016). Anatomically, these cells
form a monolayer that covers the heart cavities and compose
the vascular network that perfuses the myocardium. Therefore,
factors secreted by ECs, such as NO, endothelin-1, angiotensin
II (Ang II), prostaglandins, natriuretic peptides, adenyl purines,
neuregulin-1, FGF, and VEGF, are able to affect heart function
(Shah, 1996; Tirziu et al., 2010). Recently, the mediators of
the EC-CM interaction involved in cardiac remodeling and
regeneration were summarized in a review (Talman and Kivelä,
2018). In fact, the communication between ECs and CM is
crucial for the maintenance of cardiac homeostasis, and the
disruption in this signalization can result in pathophysiological
conditions (Gogiraju et al., 2019). Furthermore, CM generation
was demonstrated to be affected by the niche provided by ECs
(Chen et al., 2010), and the ability of ECs to enhance the
maturity of hPSC-CM was already verified (Caspi et al., 2007;
Tulloch et al., 2011; Ravenscroft et al., 2016). Kivelä et al.
(2019) also demonstrated that ECs regulate physiological CM
growth via VEGFR2. Recently, a study generated a human cardiac
microtissue through the co-differentiation of CM and ECs from
PSC (Giacomelli et al., 2017). Interestingly, the inclusion of ECs
(generated with a cardiac identity) and prolonged time in culture
induced changes in CM gene expression associated with CM
maturation. Among the EC-CM mediators, neuregulin-1 (NRG-
1) is one of the key players in CM development (Rupert and
Coulombe, 2015). Previous studies reported that NRG-1β/ErbB
signaling was able to increase cardiomyogenesis in mESC and
participate in cardiac subtype (“working-type” atrial or nodal)
selection (Chen et al., 2013). Beyond the individual effects of
NRG-1, this molecule also acts synergistically with IGF-1 to
enhance proliferation and metabolic maturity in CM (Rupert
and Coulombe, 2017). Other soluble factors released by ECs
are able to drive cardiac differentiation. Endothelin-1 added to
Nkx2.5 + CPC culture induced CPC differentiation into cardiac
pacemaking cells (Zhang X. et al., 2012). This molecule has
also been suggested to stimulate terminal differentiation of CM
(Paradis et al., 2014). In addition, brain natriuretic peptide (BNP),
a cardiac hormone secreted by EC, CM and cFB, stimulated
CPC proliferation and CM differentiation, and these effects were
demonstrated to occur via BNP binding to NPR-A and NPR-B,
respectively (Bielmann et al., 2015).
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Cardiac Fibroblasts
The cFBs are cells that produce connective tissues and are
recognized as modulators of cardiac function, development and
homeostasis (Zhang P. et al., 2012; Ivey and Tallquist, 2017).
As mentioned previously, cFB are responsible for the synthesis
of the major part of ECM proteins in the heart. Therefore,
the main interplay between cFB-CM communication appears
to occur through ECM molecules secreted by cFBs. These cells
also secrete proteins related to cardiac development, such as
FGFs, TGF, Ang II, interleukin-6 (IL-6), and IL-33 (Kakkar
and Lee, 2010; Takeda and Manabe, 2011). In fact, conditioned
medium from ventricular cFBs was demonstrated to induce
Nkx2.5+ CPC differentiation in CM through Wnt pathway
activation (Zhang et al., 2015). Similarly, our group investigated
the effects of conditioned medium from CRSCs (a population that
includes DDR-2+ cells) on progenitor cell (H9c2) behavior. The
CRSC secretome was able to drive the proliferation and cardiac
differentiation of H9c2 cells (Reus et al., 2016). Furthermore,
the cFB conditioned medium was also reported to influence CM
phenotype, including hypertrophy, expression of vimentin and
electrophysiological changes (LaFramboise et al., 2007; Pedrotty
et al., 2009). Recently, the secretome of cFB was investigated
in normal and stressed (hypoxic) conditions (Cosme et al.,
2017). The conditioned media was separated to obtain exosome
and exosome-depleted fractions, and the results revealed almost
494 proteins differentially expressed between fractions and
oxygen conditions. Indeed, culture conditions interfere with cFB
secretion and consequently in the CM response. Furthermore,
cFB can be activated in response to tissue injury and present
a phenotype characterized by the expression of alpha-smooth
muscle actin (α-SMA) (Hu and Phan, 2013). Cartledge et al.
(2015) demonstrated hypertrophic effects on CM cocultivated
with cFB, myofibroblast and myofibroblast-conditioned medium,
which were related to TGF-β released from cFB. In fact,
CM hypertrophy induced by cFB-paracrine factors has been
extensively described (Booz et al., 1999; LaFramboise et al.,
2007). In addition, in damaged myocardium, activated cFB
also releases proinflammatory cytokines, such as cardiotrophin-
1 (CT-1), a member of the IL-6 family. This molecule could
enhance mouse IPS cardiomyogenic differentiation partly via
the JAK2/STAT3/Pim-1 pathway and stimulate CM maturation
(Liu et al., 2015).

Cardiac Progenitor Cells
Cardiac progenitor cells are a heterogeneous group of cells
distributed throughout the heart. These cells are extensively
studied mainly because of their potential effects on injured
cardiac tissue (reviewed by Le and Chong, 2017). Originally,
it was believed that after transplantation, CPC would be able
to restore cardiac function through differentiation in CM,
EC, and SMC (Torella et al., 2006; Bearzi et al., 2007).
However, recent reports suggest that the regenerative effects
induced by CPC occur through secreted paracrine factors
(Khanabdali et al., 2016; Le and Chong, 2017). Many subtypes
of cardiac stem cells have been reported (Chong et al., 2014),
and apparently, the paracrine factors released are also diversified
between them; however, the therapeutic effects occur with

the different CPC populations. Recently, Torán et al. (2019)
aimed to define a set of proteins specifically secreted by
CPC. Authors isolated human CPC from myocardial samples
and conducted a proteomic assay. The analysis identified a
group of factors expressed at high to medium levels by CPC
that included IL-1, GROa (CXCL1), CXCL6 (GCP2), and IL-
8 (Torán et al., 2019). Similarly, considering the effects of
CPC in myocardial recovery, Sharma et al. (2017) isolated
cardiac progenitor cells from neonatal (nCPC) and adult patients
(aCPC) and compared the functionality of their conditioned
medium. After extensive characterization of CPC paracrine
factors, differences were found in the secretion profile during
development that affected the ability of conditioned medium
to recover myocardial function. Both secretomes significantly
induced proliferation and reduced apoptosis in CM; however,
nCPC conditioned medium was more effective than aCPC
(Sharma et al., 2017). A recent study also profiled the proteins
that were secreted by CPC (Sca−1+) derived from healthy and
transgenic heart failure mice aiming to define the factors that
are modulated in a failing heart microenvironment. The results
showed that proteins usually associated with tissue regeneration,
such as CSF1, COCA, IBP6, and TCPG, were found to be
more abundant in transgenic samples than in healthy samples
(Samal et al., 2018).

Extracellular Vesicles Signaling: Effects
on Cardiomyocytes and Cardiac Tissue
In the heart, as well as in other tissues, protein secretion occurs
in different ways: (1) direct release in the extracellular space
through membrane-derived secretory vesicles; (2) translocation
of cytosolic proteins across the plasma membrane; and
(3) packaging in EVs (Reviewed by Doroudgar and Glembotski,
2012). The last mechanism is becoming more studied over the
last several years. Since the discovery that EVs may harbor a
varied content that includes not only proteins but also other
active molecules (miRNAs, mRNA, DNA, and lipids) (Abels
and Breakefield, 2016), the understanding of cell signaling was
brought to a higher level of complexity. EVs have been isolated
from different sources, including the previously mentioned cells:
EC (Piryani et al., 2019), cFB (Borosch et al., 2017) and CPC
(Barile et al., 2014), as well as other important components of the
cardiac microenvironment, such as ECM (An et al., 2017), MSCs
(Angulski et al., 2017), and CM (Liu et al., 2018). Recently, we
isolated and characterized EVs from different regions of human
heart tissue. Our results demonstrated that cardiac EVs contain a
set of proteins advantageous for tissue regeneration approaches,
and we verified their potential to modulate proliferation,
wound healing, adhesion and angiogenesis differently depending
on the target cell type (Leitolis et al., 2019). A systematic
review compiled studies that investigated the cardioprotective
characteristics of EVs (Wendt et al., 2018). In fact, EVs are
able to regulate many biological activities, including those
related to CM. Cardiac progenitor cell-derived EVs have
been shown to stimulate migration and proliferation in AC16
CM (Hocine et al., 2019) and inhibit CM apoptosis (Barile
et al., 2014) through a mechanism that involves PAPP-A
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(pregnancy-associated plasma protein-A) (Barile et al., 2018).
Similarly, Liu et al. (2018) showed that CM-derived EVs not
only decreased CM apoptosis 24 h after rat infarction but
also reduced arrhythmia and hypertrophy postinfarction (Liu
et al., 2018). The hypertrophic effect on CM was also verified
through cFB-derived exosomes in a paracrine mechanism
by which Ang II intensifies its own signaling in CM (Lyu
et al., 2013). In addition, apoptotic bodies (AB) also appear
to modulate myocyte activity. CM-derived AB were able to
stimulate proliferation and differentiation of CM precursors,
as well as their frequency of contraction (Tyukavin et al.,
2015). Beyond the studies conducted with EVs derived from
the sources mentioned above, many studies have shown the
biological effects of MSC-derived EVs (MSC-EVs). To date,
many reports have demonstrated that MSC-EVs are able to
exert protective effects in cardiovascular diseases, especially by
the delivery of miRNA content to recipient cells. Recently,
Moghaddam et al. (2019) summarized the cardioprotective
exosomal miRNAs that include those secreted by MSCs. For
instance, Wang et al. (2018) demonstrated that cardiac stem
cells treated with MSC-derived exosomes containing miR-214
showed decreased apoptosis and reactive oxygen species (ROS)
production after oxidative stress injury (Wang et al., 2018).
Similarly, a recent study showed that exosomal miR-21-5p
increased cardiac calcium handling and thereby contractility
via the PI3K signaling cascade in human engineered cardiac
tissue (Mayourian et al., 2018). Furthermore, a novel study
showed that the coculture of iPSC-CM with MSCs modulates
the functionality and maturation of CMs. These effects can be
partially explained by the miRNA content in MSC-derived EVs
(Yoshida et al., 2018). In fact, CM differentiation and maturation
are closely related to miRNA regulation (White et al., 2016;
Lock et al., 2018). For instance, let-7 family miRNAs were
found to be highly upregulated during CM maturation, and let-7
members control CM metabolism, cell size and force contractility
(Kuppusamy et al., 2015).

PERSPECTIVES

The elements from microenvironmental signaling, such as
ECM proteins and paracrine factors, both secreted by cardiac
resident cells, are biologically active molecules capable of
affecting CM commitment, subtype specification, proliferation
and maturation. These molecules are being tested in coculture
experiments (CM plus non-myocyte cells), as well as in assays that
use total secretome (conditioned medium), EVs, decellularized
heart ECM or combinations of isolated ECM proteins. In most
cases, the molecular mechanisms by which these molecules act
have not been fully decoded.

Despite the progress in understanding the cardiac niche in
different development stages, the modulation of extracellular
signaling and how it governs cardiac commitment has not
been thoroughly elucidated to date. The factors mentioned in
this review, as well as others not explored to date, may be
important tools for modulation of in vitro cardiomyogenesis,
mainly regarding maturation of the developed CM. Hence,
improving the functional characteristics of CM could potentiate
their use in regenerative medicine and facilitate further advances
in cell therapy and tissue engineering.
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Bone-related maladies are a major health burden on modern society. Loss of skeletal
integrity and regeneration capacity through aging, obesity, and disease follows from
a detrimental shift in bone formation and resorption dynamics. Targeting tissue-
resident adult stem cells offers a potentially innovative paradigm in the development
of therapeutic strategies against organ dysfunction. While the essential role of skeletal
stem cells (SSCs) for development, growth, and maintenance of the skeleton has been
generally established, a common consensus on the exact identity and definition of a
pure bona fide SSC population remains elusive. The controversies stem from conflicting
results between different approaches and criteria for isolation, detection, and functional
evaluation; along with the interchangeable usage of the terms SSC and “mesenchymal
stromal/stem cell (MSC)”. A great number of prospective bone-forming stem cell
populations have been reported with various characteristic markers, often describing
overlapping cell populations with widely unexplored heterogeneity, species specificity,
and distribution at distinct skeletal sites, bone regions, and microenvironments, thereby
creating confusion that may complicate future advances in the field. In this review, we
examine the state-of-the-art knowledge of SSC biology and try to establish a common
ground for the definition and terminology of specific bone-resident stem cells. We also
discuss recent advances in the identification of highly purified SSCs, which will allow
detailed interrogation of SSC diversity and regulation at the single-cell level.

Keywords: bone, skeletal stem cell, bone marrow/mesenchymal stromal/stem cell, stem cell niche, heterogeneity,
regeneration, aging

INTRODUCTION

The skeleton is a composite of diverse tissue types, including cells of osseous, adipogenic,
cartilaginous, stromal/endothelial, and hematopoietic lineages. Beyond its central role in
locomotion, it has also been established as an endocrine organ that is essential for mineral
homeostasis and systemic health (Karsenty and Ferron, 2012). Bone is fundamental for structural
support and movement, which is reflected in the observation that people suffering from impaired
bone fitness inevitably experience a decline in quality of life and increased morbidity (Demontiero
et al., 2012; Lee et al., 2014). There is a growing focus on skeletal health worldwide due to the
rising number of elderly people, which has dramatically increased the burden of bone fractures and
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skeletal disorders. One of the main metabolic diseases, which
has expanded exponentially alongside that development, is
osteoporosis, a condition resulting from an imbalance of the
ability to form bone at the same speed as it is resorbed.
Osteoporosis leads to increased fragility and occurrence of
fractures (Pagnotti et al., 2019). There are over six million
fractures per year in the United States alone, with the majority
occurring in the older population. While in healthy individuals
bones normally have the ability to heal without scarring, in
up to ten percent of the cases fractures do not heal in an
adequate time frame and develop to so-called nonunions, with
limited treatment options (Ekegren et al., 2018). Along with
osteoporosis, degenerative joint disease, or osteoarthritis, is a top
cause of disability in the aged adult, which is characterized by
deteriorated cartilage resulting in bone-to-bone rubbing creating
increased stiffness, pain, and impaired movement. It is currently
unclear why adult cartilage does not naturally regenerate like
bone tissue. Importantly, osteoporosis and osteoarthritis are
not only associated with aging but also sedentary lifestyle
and metabolic health, underlining the systemic interrelation
between bone health and physiological health (Chen et al., 2017).
Therefore, advances in understanding of the stem and progenitor
cells of bone and cartilage could have major ramifications
for global health.

The cellular origins of bone and cartilage have been extensively
studied. Like all connective tissues, the bone compartment
contains cell populations with multipotent differentiation
potential, generally referred to as “mesenchymal stromal/stem
cells” (MSCs). Beside putative roles in controlling the bone
marrow niche, these cells are thought to be the main source
of bone formation during organ growth, maintenance, and
repair. Given their beneficial properties, differentiation capacity,
and expandability, strong efforts have been made to exploit
those characteristics for cell-based regenerative therapies. The
success of “MSC”-based approaches have been hampered by
the high heterogeneity of the transplanted cell populations,
mainly attributable to their varying tissue source but also to
discrepancies in the techniques for detection, purification, and
isolation of prospective stem cells (Galipeau and Sensebe, 2018).
Research in mice is continually adding to the number of potential
bone stem cell populations defined by cell surface proteins and
genetic labeling, however, the majority of reports are limited
by concerns of cell purity, lack information on the degree of
overlap with previously reported cell populations, and most
importantly are inappropriate for translation to the human
setting (Bianco and Robey, 2015). A major drawback is that the
identity and use of human bone marrow-derived stem cells have
long been based on plastic culture adherence. Unfortunately,
the relative technical ease of this technique and its use for
isolating other morphologically similar fibroblastic cell types
from various connective tissues coupled to deceptive in vitro
differentiation regiments has helped fuel doubtful claims, offering
“MSC cell therapies” for regenerative purposes, resulting in
detrimental rather than beneficial outcomes (Sipp et al., 2018).
First and foremost, there is no scientific rationale, or much
less pre-clinical data, justifying the use of those cells from any
tissue source for clinical application. Considering the extensive

literature on bone-residing stem cells, there is a need for a
more standardized functional characterization of potential cell
types. Reported “MSCs,” or rather multipotent bone marrow
stromal cell (BMSC) populations, display a variety of differences
including developmental occurrence (e.g., pre- vs. post-natal),
localization, and differentiation potential, with the most striking
differences being obvious between classical perisinusoidal and
growth plate/periosteal bone-forming cells, which will be
discussed in detail (Sacchetti et al., 2007; Tormin et al., 2011;
Chan et al., 2015, 2018; Ambrosi et al., 2017). Accumulating
evidence suggests that the terms “MSC”/BMSC and skeletal stem
cell (SSC), which have been used interchangeably, are describing
both distinct and overlapping stem cell population with different
properties and functions.

In light of these observations, this review aims to collectively
compare reported bone-residing stem cell populations in mice
and humans; and to establish a common terminology in order to
promote a better basis for the development of successful research
strategies. We have focused on findings of the appendicular
skeleton, as the majority of scientific reports are based on
experiments using limb and hip bone tissues. This is likely
assignable to the ready access of specimen for these skeletal sites
in mice and humans. It remains to be shown if findings can be
generalized to all bone compartments and future investigations
will have to explore if embryonic origin, skeletal form, and
cell composition affect the SSC source. Importantly, existing
controversies in the field are due to laboratory-specific availability
as well as preference of technology and genetic models for the
identification of “MSCs”/SSCs. Establishing a common ground
will have great importance for a better understanding of scientific
data and more efficient paradigms of regenerative approaches.

DEFINING SKELETAL STEM CELLS

Stem cells are characterized by their ability to self-renew and to
differentiate into multiple cell fates thereby contributing to tissue
ontogeny, growth, and turnover for regeneration throughout
life (Bianco and Robey, 2015). All cells of an organism are
descendants of a zygote with unique totipotency, which is lost
after the preimplantation stage of the blastocyst, with exception
of germline stem cells (Evans and Kaufman, 1981; Martin, 1981).
At that timepoint, defined multipotent, fate-restricted fetal stem
cells (and then postnatal stem cells) emerge, orchestrating organ
maturation and maintenance. It has to be stressed that despite
some early controversial claims there is no evidence for the
existence of stem cells with in vivo pluripotency in adult tissue
(Jiang et al., 2002; Miyanishi et al., 2013). However, ground-
breaking advancements in cellular reprograming have been able
to generate induced pluripotent stem cells from diverse somatic
cell origins in vitro (Takahashi and Yamanaka, 2006).

The concept of stem cells dates back as far as the middle
of the 19th century, when Ernst Haeckel first coined the term
“Stammzelle” (Dose, 1981), suggesting the origin of living cells
as an evolutionary sequence. This theory was extended and
experimentally addressed by contributions of pioneers including
Arthur Pappenheim and Alexander Maximov, eventually leading
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to the seminal finding of the existence of a hematopoietic
stem cell (HSCs) by Till and McCulloch, as they described
that single rare bone marrow cells could form multilineage
myelo-erythroid colonies in the spleen of lethally irradiated
mice (Till and McCulloch, 1961; Becker et al., 1963). This
discovery provided the first definitive proof of the presence
of a postnatal bona fide stem cell but did not yet enable the
prospective isolation of phenotypically defined cells. With the
development of more sophisticated technologies such as flow
cytometry, a cell population considerably enriched for HSCs
was later first described by Spangrude et al. (1988) building the
foundation for today’s concept of the hematopoietic lineage tree
(Laurenti and Gottgens, 2018).

Recent efforts have led to the identification of multiple types
of lineage-restricted postnatal stem cells with self-renewal and
multipotent differentiation ability in many other organs. The
study of stem cells has given important insights into mechanisms
of tissue biology that provide great potential for the development
of novel cell-based regenerative therapies. However, the exciting
nature of stem cell concepts has also promoted the spread
of dubious physicians and companies offering unproven stem
cell-based therapies that lack peer-reviewed demonstrations of
their efficacy as well as IRB (Internal Review Board)- and
FDA (Federal Drug Administration)-type approvals, leading to
adverse outcomes and harming the reputation of the stem cell
research field (Sipp et al., 2018). One of the main causes is the
incorrect use of the term “stem cell” for weakly defined cell
populations comprised of heterogeneous cell types, i.e., more
committed cell populations with varying differentiating potential
and cells from other lineages. A striking example can be found
in the field of bone marrow transplantations, which are often
advertised as “hematopoietic stem cell transplants” but which in
actuality are relatively unenriched mixtures of many cell types
with only a very small number of stem cells. Some of the cell
types that are co-transplanted include lymphocytes that could
cause graft vs. host disease (GVHD), though in some cases they
could also lead to helpful graft vs. tumor responses (Szyska and
Na, 2016). Transplanting impure, undefined mixtures of cells not
only hampers the predictability and reproducibility of treatments
but may additionally lead to false assumptions by patients and
disappointing results that could tarnish popular perceptions of
stem cell research and stem cell-based medicine. It is, therefore,
of great importance to re-establish solid foundations for stem
cell research that focuses on highly purified, homogeneous
populations and uses both, in vitro and in vivo assays, to
identify true stem cells that display all the hallmark stem cell
characteristics, i.e., quiescence, self-renewal, and multipotency at
the single-cell level (Weissman, 2002; Bianco et al., 2008).

The Road to Identifying the Skeletal
Stem Cell
Almost paralleling the description of the HSC, evidence for
the existence of a second bone-resident stem cell appeared.
This type of stem cell was distinct from HSCs as it was
proposed to be the origin of non-hematopoietic stroma.
Groundbreaking experiments by Tavassoli and Crosby (1968)

in the 1960s reported that boneless marrow pieces have the
capacity to reconstitute hematopoietic and adventitial structures,
complete with bone, cartilage, and stromal tissue, providing a
newly formed microenvironment for functional hematopoiesis.
Friedenstein was one of the first to assign osteogenic potential
to non-hematopoietic plastic-adherent cells with fibroblast
colony-forming unit (CFU-F) capacity and multi-differentiation
ability upon in vivo transplantation (Friedenstein et al., 1966;
Friedenstein et al., 1974; Castro-Malaspina et al., 1980; Kuznetsov
et al., 1997). It took another decade before Owen and Friedenstein
(1988) proposed the concept of clonogenic, multipotent, self-
renewing stromal cells in vivo, which were shortly after defined
as “Mesenchymal Stem Cells” (Caplan, 1991; Pittenger et al.,
1999). The International Society of Cellular Therapies (ISCT)
later re-defined the same cells as “Mesenchymal Stromal Cells”
since “stroma” (Greek: bed) better reflected the hematopoiesis-
supportive function and heterogeneous mixture of cell types
included in “MSCs” (Dominici et al., 2006). In contrast to
HSCs, which were conclusively shown to be able to give rise to
phenotypically defined cells reconstituting hematopoiesis under
limiting dilution conditions in serial transplants, in vivo self-
renewing capacity had not been convincingly proven for cells of
mesenchymal origin in mice and humans for another substantial
period of time (Sacchetti et al., 2007; Mendez-Ferrer et al.,
2010). By developing a renal transplant assay for single skeletal
progenitor cells, we could further test the in vivo self-renewal
capabilities of bone-forming stem cells without prior CFU-F
expansion (Chan et al., 2013). Perplexingly, and as a result of the
relative ease of culturing plastic-adherent fibroblastic cells, non-
skeletal “multipotent stromal cell” populations have incorrectly
been defined by their ability to make bone, cartilage, fat, tendon,
and muscle in the culture dish, sometimes even suggested to be
pluripotent depending on the assay conducted (Via et al., 2012).

While mostly associated with bone and adipose tissue, “MSC”-
like populations have been identified in other connective tissues
as well as perinatal tissues such as the umbilical cord and
the placenta. As a consequence, the denomination “MSC” was
established as a universal term for adult tissue-resident stem
cells with putative therapeutic promise and is up to today
routinely used by many scientists to wrongly describe stem cell
populations (da Silva Meirelles et al., 2006). The general use
of the term “Mesenchymal Stem Cell” is flawed in many ways
leading us to stress that its use should be avoided. The intrinsic
properties of these cells are tightly correlated with their tissue
source. They contain cells of divergent developmental origins
and as mostly looked from the perspective of adult stem cells
should not be named “mesenchymal” in the first place, since
this term should be reserved for embryonic tissue. Above all,
“MSCs” describe a highly heterogeneous cell population with
seemingly multilineage differentiation capacity which actually
results from the aggregate potential of a mixture of individual,
distinct cell types. Over time, the promiscuous use of the “MSC”
terminology resulted in a great number of publications with
conflicting claims and it became necessary for the scientific
community to address the inconsistencies. In an attempt to unify
researchers and to rectify falsely assumed stem cell characteristics
the ISCT published minimal criteria for the definition of “MSCs”
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and proposed to call them “Multipotent Mesenchymal Stromal
Cells,” rather than “Mesenchymal Stem Cells” (Dominici et al.,
2006). However, it should be noted that even “stromal” is an
inaccurate generalization as it does not apply to fibroblasts of
certain tissue sources, e.g., umbilical cord and amniotic fluid.
Minimal criteria for human “MSCs” included plastic-adherence
under standard culture conditions, which upon culture express
CD105, CD73, CD90 and lack CD45, CD34, CD14 or CD11b,
CD79α or CD19 and HLA-DR surface molecules, and exhibit tri-
lineage differentiation potential into osteogenic, chondrogenic,
and adipogenic fates in vitro. It needs to be stated that these cell
surface markers are not specific for stem cells but rather confirm
the fibroblastic identity of cultured cells. As a consequence, many
laboratories are currently using widely differing marker profiles
additionally stemming from differences in marker expression
on freshly isolated cell populations. In vitro culture alters
surface marker profiles and does not reflect the true biological
activity of investigated cells, underscoring the need for the ISCT
standards to be reassessed. Lastly, stemness of a homogeneous
cell population is often not rigorously interrogated which in
part could be attributed to the lack of clonal self-renewal as
one defining criteria in the guidelines agreed on by the ISCT, in
turn hampering success of clinical applications utilizing stromal
cell populations (Robey, 2017). The FDA has published a study
that describes the disagreement over molecular characteristics
of “MSCs” (Mendicino et al., 2014), which is also supported
by the report that identical surface protein profiles between
stromal cell populations from different source tissues display
differential transcriptional expression patterns (Sacchetti et al.,
2016). Caplan, who originally coined “MSCs,” recently suggested
refraining from the use of the word “stem cells” considering the
issue of cellular heterogeneity and the inconclusive reports that
are prevalent in “MSC”-related literature (Caplan, 2017).

The recent identification of bona fide lineage-restricted
SSCs within the skeletal compartment, which give rise to a
hematopoiesis-like hierarchy of committed progenitors in vivo,
supported the need to re-think the nomenclature of skeletal
derived “mesenchymal” stem cell-like cells (Sacchetti et al., 2007;
Chan et al., 2015, 2018). In light of these developments, the
terms “Bone marrow stromal cells” (BMSCs) and “Skeletal stem
cells” (SSCs) have been suggested (Bianco and Robey, 2015).
Further adding to the panoply of previously characterized skeletal
progenitors are recent experimental findings that imply the
existence of more than one bona fide SSC population, which will
be discussed in the following sections.

Getting a Grasp on SSC Terminology
An overwhelming number of researchers use the terms SSC
and “MSC” interchangeably to describe bone-residing “stem”
cell types, while actually reporting different or only partially
overlapping skeletogenic populations without testing for
basic stem cell characteristics, such as self-renewal. On the
background of earlier mentioned discrepancies in the field,
one should carefully distinguish SSCs as cells locally restricted
to bone with the ability to reconstitute an environment for
active hematopoiesis, as being able to self-renew on the
clonal level, and to show multipotency within the same

clone under in vivo conditions (Bianco et al., 2008). “MSCs”
on the other hand, represent a heterogeneous cell mixture
roughly complying with ISCT’s minimal criteria that can be
isolated from tissues such as muscle, fat, bone, and heart,
thereby proposing equal suitability for regeneration across
connective tissues. While these stromal cell populations may
genuinely contain some tissue-specific stem cells capable of
generating tissue fates of their native tissue origin (Sacchetti
et al., 2016), it is unlikely that they are intrinsically pluripotent.
For example, BMSCs are inherently osteochondrogenic,
muscle “MSCs” are myogenic, and cord blood-derived cells
display spontaneous chondrogenesis in vivo. Functionally,
categorization of SSCs vs. “MSCs” has been attempted
by stemness assays (in vivo vs. in vitro), mode of action
(regeneration vs. cues), therapeutic potential (regeneration
by living cells vs. paracrine modulation/anti-inflammatory
signaling), and type of administration (transplantation for
engraftment vs. infusion for embolization) (Bianco et al., 2013),
albeit with limited success.

On the basis of immune-localization studies with stromal
cell markers that are also associated with blood vessels in
different tissues (Crisan et al., 2008; Sacchetti et al., 2016),
some stromal cell populations have further been described to
be pericytes (Sacchetti et al., 2007; Caplan, 2008). In contrast,
SSCs are enriched in and around the avascular regions of the
hypertrophic growth plates, though they have also been found
in the periosteum as well as fracture calluses (Chan et al., 2015,
2018; Debnath et al., 2018; Duchamp de Lageneste et al., 2018).
It is, therefore, possible that BMSCs are either comprised of
more committed progenitor populations descending from SSCs
settling in sinusoidal regions or contain a multipotent pericyte-
like stem cell giving rise to more restricted progenitor cell types
itself. While neither scenario can be excluded, a combination of
both might be an additional alternative explanation but remains
to be investigated. An argument supporting this theory is the fact
that we and others have found SSCs to be restricted to give rise
to bone, cartilage, and stroma, but not fat in vivo (Chan et al.,
2013, 2015, 2018; Mizuhashi et al., 2018). The CD146-positive
SSC population identified by Sacchetti et al. (2007) does not
overlap with our described SSC, which is in compliance with its
adipogenic potential and subendothelial localization. However,
we have also shown that a distinct lineage of CD146-positive
multilineage skeletal progenitors is derived from CD146-negative
SSCs (Chan et al., 2018). Additionally to osteochondrogenic
mouse SSCs, an adipogenic lineage with phenotypically defined
subpopulations sharing a common “mesenchymal” stem cell-
like origin has been reported, further supporting the potential
existence of two distinct SSC populations (Chan et al., 2015;
Ambrosi et al., 2017). The collaboration of multiple stem and
progenitor cell types in orchestrating the highly complex cell
network within the bone compartment seems more reasonable
given the manifold niches existing in the skeleton. At this point,
however, we cannot definitively rule out that divergent findings
might be the result of different experimental techniques, a topic
that will be discussed in depth in sections below. Should it turn
out to be confirmed, it could pose a great opportunity to unite
the scientific community in agreeing on a common nomenclature
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which could accommodate the existence of two or more bona fide
SSC populations in bone.

PROSPECTIVE ISOLATION OF
SKELETAL STEM CELLS

Over time, stem cell hallmark criteria have been extended
by single and combinatorial use of surface marker/genetic
labeling, transplantation assays, and in vivo lineage tracing. This
has led to the discovery of multiple SSC populations in the
growth plate, the endosteal and perisinusoidal bone marrow
space, or the perichondrium. Nevertheless, the description of
these cell populations is often incomplete or redundant leaving
contradictory results that hamper the advancement of the field.
A potential explanation can be found in the complex and
plastic nature of bone tissues and might be vested in technical
limitations or an indication for the presence of an everchanging
network of multiple subtypes of SSCs orchestrating skeletal
homeostasis and repair.

Human Bones
Until the invention of flow cytometry by the Herzenbergs (Dangl
and Lanier, 2013), which enables high-throughput, prospective
isolation of antibody-labeled and fluorescence-tagged cell types,
conclusions about putative SSC populations could only be
drawn retrospectively leaving reasonable doubt about their true
identity. Taking advantage of this technology, the CD45-negative
non-hematopoietic nature of fibroblast colony-forming cells
has been confirmed and copious markers, including CD105
(ENG), CD140a (PDGFRα), CD73 (NT5E), CD90 (THY1),
STRO-1 (HSC70;HSPA8), CD271 (NGFR), and CD44 have been
proposed to broadly label human SSC populations with variable
CFU-F ability and differentiation to osteogenic, chondrogenic,
adipogenic, and stromal lineages (Shi and Gronthos, 2003; Lange
et al., 2005; Sorrentino et al., 2008; Pinho et al., 2013). CD271
(/CD140a−/low) and STRO-1 turned out to most efficiently select
for perivascular residing SSC-like cells that are also able to
maintain human HSCs for extended time in culture but are less
restricting than CD146 (MCAM), which allegedly identified the
entire CFU-forming fraction (Simmons and Torok-Storb, 1991;
Sacchetti et al., 2007; Li et al., 2014). Single cell-derived colonies
of CD45−CD146+ cells are sufficient to recreate hematopoiesis-
supportive human ossicles in a mouse, representing an enriched
SSC population with serially transplantability, multipotency, self-
renewal, and localization along marrow sinusoids expressing
endothelial and hematopoiesis supporting factors. However, a
later paper by Tormin et al. (2011) reported at least similar
CFU-F ability using CD271+CD145−/low compared to CD271+
CD146+ cells. This is in line with our recently identified
human SSC which falls into the CD146-negative fraction and
underscores the necessity to enrich single marker labeled cell
population with additional markers to derive homogeneous
cell populations more depictive of the complex composition of
skeletal tissue (Chan et al., 2018).

Assigning specific marker profiles to plated SSC populations
is a major pitfall as ex vivo culturing alters the endogenous

expression of surface markers. Cell epitope expression can be
artificially skewed as seen with the loss of CD271 expression
in cultured bone marrow cells in media containing basic
Fibroblast Growth Factor (bFGF), as well as with CD146 which
possesses a serum response element in its promoter and is
enhanced in stromal cells under standard culture conditions and
downregulated if exposed to a hypoxic environment (Tormin
et al., 2011). Alike, CD44 is expressed by cultured “MSCs”
only (Qian et al., 2012). Notably, simple variations in cell-
detaching methods and culture media before flow cytometric
analysis can alter cell surface antigen expression (Hagmann et al.,
2013; Tsuji et al., 2017). The same thing might hold true for
the digestion of freshly harvested tissue routinely conducted
for FACS preparations which can have profound effects on
the integrity of surface molecule expression and additionally
is prone to loss of more fragile cell types (Autengruber
et al., 2012). Altogether, this might under- or overestimate the
abundance of cell populations as well as likely contaminate
investigated candidate SSCs compromising conclusions drawn
from experiments. It is, therefore, of the highest importance to
confirm flow cytometric findings with in situ analysis of marker
expression on tissue sections or by other methods.

In a meticulous endeavor, our laboratory was able to identify
a highly purified bona fide SSC distinct from the reported
CD146-positive SSC; and found in fetal and all adult stages
throughout different skeletal sites but specifically enriched in
the hypertrophic zones of the growth plate labeled by PDPN,
CD73, CD164 and lacking expression of CD235, CD45, CD146,
Tie2, and CD31 (Chan et al., 2018). We arrived at that surface
marker panel by micro-dissecting seven regions of the long
bones, looking for the enrichment of SSC markers found in the
previously identified mouse SSC (Chan et al., 2015). Of note,
in our analysis, CD146 was specifically enriched in diaphyseal
regions abundant with vasculature separate from the growth
plate – a site that is highly enriched with SSCs (Chan et al.,
2018). We stringently tested in vitro and in vivo capacity of
this candidate SSC population by serial transplantations, self-
renewal, and lineage diversity to prove stemness. These human
SSCs are activated by skeletal injuries, such as fractures, to
locally increase proliferation and differentiation in order to
facilitate regeneration. Importantly, we now have established a
hierarchy with a SSC at the top giving rise to defined stromal
subpopulations with osteogenic and/or chondrogenic fates; and
the missing ability to give rise to fat. Although flow cytometric
analyses identify phenotypic human SSCs at various skeletal
compartments, future studies have to assess if cells from different
bone types share functional properties with the investigated
long bone-derived human SSCs. It is likely that bones with
varying developmental origin do not share the same SSC and that
transcriptional differences in SSCs from different skeletal sites
determine skeletal shape and size.

Taken together, the distinct cell marker expression (CD146−
vs. CD146+) of our and Sacchetti et al.’s (2007) SSC population,
the divergent anatomical sites (epiphyseal vs. perivascular),
and the disparity in lineage output (osteochondrogenic
vs. osteochondroadipogenic) might be reconciled by our
observation that CD146− give rise to CD146+ multipotent
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skeletal progenitors. It might also be possible that the two cell
types mark specific subsets of SSCs. This is further supported
by the notion that CD146-negative cells were reported to
migrate from bone marrow sinusoids to an endosteal niche
(Tormin et al., 2011), a site we did not specifically investigate,
but that would make sense given the role of SSCs in injury
response (Figure 1). Intriguingly, independent observations
in mouse bones add evidence for at least two SSC forms and
will be discussed hereafter. Future studies will have to directly
experimentally address this idea and will help to get more insight
into potential functional differences between these two cell types.

Mouse Bones
Mice provide an ideal model organism to research SSC biology. In
contrast to humans, mice offer the accessibility of transgenic tools
to specifically label and track cell populations beyond cell surface
marker expression. Besides fluorescence reporter expression
from an endogenous promoter of putative marker genes, the
development of lineage tracing technology facilitated by the Cre-
LoxP system has noticeably progressed the field, albeit with
recognizable caveats (discussed later). Cre-LoxP recombination
allows site-specific deletion, insertions, translocations, and
inversions in the DNA of cells. This is facilitated by a single
enzyme, called Cre-recombinase, which was originally derived
from the bacteriophage P1 together with the LoxP site (Bouabe
and Okkenhaug, 2013). Upon Cre-recombinase expression under
the promoter of a target transgene, the enzyme acts on the second
transgene containing the LoxP site. This leads to an irreversible
gene sequence alteration which can be exploited in manifold
ways, e.g., to continually turn on (fluorescence protein) or excise
a gene (primary fluorescence protein or functional gene). Cre-
reporter systems enable investigations in an unperturbed manner
by either constitutive Cre-expression or time-point restricted
induction through tamoxifen application in the modified CreERt
version, being dependent on structural changes for nucleus
translocation before eliciting recombinant properties.

Using this technology in combination with Rainbow-mice
which carry an allele that through Cre-mediated recombination
allows the stochastic expression of different fluorescence colors,
we were able to show clonal expansion within the growth
plate, conveying initial evidence for SSC activity in this region
(Chan et al., 2015). This was preceded by reports of a purified cell
population containing putative SSCs that started accumulating in
the late 2000s when the Matsuzaki group first published a defined
cell population with stem cell characteristics in mice. Establishing
that stromal cells come from a distinct lineage compared to HSCs,
the initial discovery found fibroblast activity within the PDGFRβ-
positive cell fraction (Koide et al., 2007). They later narrowed
down their findings to a perivascular population with in vivo
self-renewal/multipotency to CD45−Ter119−Sca1+PDGFRα+

expressing cells, which in vitro contains clones with osteogenic,
chondrogenic, adipogenic, and even angiogenic and neural
crest differentiation ability (Morikawa et al., 2009a,b). They
also suggested that the double-negative Sca1−PDGFRα− cells
were more restricted and committed osteoprogenitors. Many
more surface proteins have been proposed to label multipotent
clonogenic stromal cell types, partially mirroring reports in

humans, e.g., CD271, CD90, CD51, CD44, CD146, CD106, and
LepR with variations depending on the developmental stages
investigated (Mabuchi et al., 2013; Isern et al., 2014; Zhou B.O.
et al., 2014). Building on these studies and employing a surface
marker configuration described for progenitor cell populations of
adipose tissue (Rodeheffer et al., 2008), a bone-resident stem cell-
like population that is CD45−CD31−Sca1+PDGFRα+CD24+
was isolated which shows high purity for clonal tri-lineage
potential in in vitro studies and in vivo when transplanted
in bulk (Ambrosi et al., 2017). In the bone marrow these
cells give rise to committed adipogenic progenitors (CD24−)
that further make Zfp423-expressing pre-adipocytes before
becoming mature fat cells. In agreement with the observations
by Morikawa et al. (2009b), an alternate differentiation route
creates osteochondrogenic-restricted Sca1−PDGFRα− cells.
Our lab first described another subpopulation within the
latter, defined by CD105 expression bringing along minimal
properties for the generation of a hematopoietic niche through
endochondral ossification and found in fetal, neonatal, and
adult mouse bone (Chan et al., 2009, 2013). Using a renal
capsule transplantation model, we unprecedently showed that
single cells termed Bone Cartilage Stromal Progenitor (BCSPs;
CD45−Ter119−Tie2−Thy1−6C3−CD51+) were bona fide stem
cells in vivo, spawning stromal subsets crucial for niche functions
(Chan et al., 2013). Hypothesizing that the skeletal lineage might
follow an analogous differentiation tree as described for the
hematopoietic compartment, we set out to delineate the SSC
and its downstream stroma. We succeeded in showing that
skeletogenesis proceeds through a developmental hierarchy of
lineage-restricted progenitors with a bona fide SSC at the top
(CD45−Ter119−Tie2−Thy1−6C3−CD51+CD105−CD200+)
giving rise to the BCSP and seven defined and restricted stromal
progenitor cell types, never producing fat (Chan et al., 2015;
Gulati et al., 2018). In concordance with the different locations
SSCs have been identified this raises the possibility that the
perivascular adipocyte-producing multipotent stromal cells
represent a distinct stem cell-like population, as also observed
in experiments with human bone marrow cells. One major
limitation of the multi-surface marker approach is the inability
to investigate the exact niche composition and to trace cell fates
through in situ labeling. Using transcriptomic data from highly
purified cell populations representing all cell types of long bones
might allow for the identification of a single specific marker for
mouse SSCs which then can be used to generate transgenic mice
for a more defined interrogation of their biological activity.

Concurrently, the generation and analysis of genetically
modified mice have yielded enormous insights into skeletal
biology. Using single fluorescence reporters, e.g., GFP, dtTomato,
mCherry, YFP, etc., under the control of target gene expression,
many cell populations have been described enriching for
colony-forming fibroblasts, relating to widely overlapping cell
populations termed SSCs, “MSCs,” pericytes, or CXCL12-
abundant reticular (CAR) cells depending on the publication.
Furthermore, genetic manipulation of stromal populations in situ
employing the Cre-system has allowed investigations of skeletal
development, homeostasis, and regeneration through temporal
lineage tracing and targeted ablation of specific cell types.
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FIGURE 1 | Multiple anatomical sites of long bone-resident skeletal stem and progenitor cell populations in mice. Postnatal long bones of mice harbor skeletal stem
and progenitor cells at the growth plate, periosteum, endosteum, and perivascular sites. Several markers to identify these cell populations have been proposed and
are summarized by location.

Cre-mediated recombination by the transcription co-activator
Paired-related homebox 1 (Prx1) is very effective in inclusive
labeling of all clonogenic stromal cells as it incorporates but
is not limited to PDGFRα/β- and Sca1-expressing cells (Logan
et al., 2002; Omatsu et al., 2010; Ambrosi et al., 2017). It also
includes CAR cells, a very crude collection of stromal progenitor
cells (PDGFRα-positive cells are a subpopulation), since it also
strongly labels endothelial and mature osteogenic cells (Sugiyama
et al., 2006; Greenbaum et al., 2013), which all play crucial
roles for normal homeostatic processes of the skeleton, as shown
by aberrant differentiation and hematopoietic support when
specifically ablated (Omatsu et al., 2010; Seike et al., 2018).

One of the first fluorescent labels to be used for mouse
BMSCs, initially reported as a marker for neural stem and
progenitor cells and also expressing PDGFRα, is Nestin (Mignone
et al., 2004). In the marrow, Nestin-GFP marks perivascular,
clonogenic, self-renewing cells, which can form mesenspheres
that differentiate in the osteochondral lineages in vivo as well as
to adipocytes in vitro (Mendez-Ferrer et al., 2010). A subsequent
demonstration by the same group showed that Nestin-expressing
cells could be divided into Nestindim and Nestinbright cells, with
the cells having the brightest signal being NG2-positive, more
quiescent, and containing the highest CFU-F potential while the
dimly labeled cells overlap with LepR (Kunisaki et al., 2013).
Surprisingly, no Nestin or NG2 gene expression can be found
in Prx1-Cre labeled cells, an observation that has been explained
to potentially be due to incomplete tracing (Greenbaum et al.,
2013). The stem cell-like nature of Nestin-GFP cells has also been
implied by their descent from Col2-expressing cells, however,
although Col2 marks progenitor cell types it is rather ubiquitously
expressed which make such conclusions questionable (Maes
et al., 2010; Ono et al., 2014a). Furthermore, the Nestin gene
has been utilized for lineage tracing through Cre-recombination

which revealed varying proportions of endothelial cells that
were marked depending on the model used, leaving considerable
doubt with regard to its use as a proper stem cell marker (Ding
et al., 2012; Ono et al., 2014a). Similarly, the heterogeneous Mx-
1-Cre line overlaps with Nestin-GFP, PDGFRα, Sca1, CD105
but also robustly labels more mature osteogenic populations
(Osterix+, Osteopontin+, Osteocalcin+) as well as hematopoietic
cells (Park et al., 2012).

In part due to the vague labeling of stromal cells by Nestin,
LepR-expressing cells (traced by Cre and CreERt) have emerged
as the prevailing multipotent stromal cell marker over the last
years (Ding et al., 2012; Zhou B.O. et al., 2014). In a series
of elegant studies, the Morrison lab could show that LepR-
expressing cells are the major source of osteogenic, chondrogenic,
and adipogenic cells formed during adulthood and are involved
in homeostasis, fracture healing, and hematopoiesis (Zhou B.O.
et al., 2014; Yue et al., 2016). LepR-expression in the bone marrow
overlaps with all known stromal cell markers to varying extents.
If interpreting histological data of LepR-reporter mice bones,
caution is advised as they also label substantial proportions of
hematopoietic and endothelial cell types which can be excluded
during FACS-purification. Just under 10% of LepR-labeled cells
are CFU-F of which about the same percentage possesses
in vitro clonogenic tri-lineage potential underlining the often
wrongly used term SSC for these cells as they are not pure
bona fide SSCs (Zhou B.O. et al., 2014). Recent single-cell
RNA-sequencing reports of LepR-positive cells have suggested
that this population contains at least four subpopulations with
differing osteogenic and adipogenic commitments (Tikhonova
et al., 2019). In accordance with that as well as our proposed
skeletal lineage tree, David Scadden’s group also using single-cell
RNA-sequencing identified seventeen marrow stromal subsets
characterized by fibroblastic, endothelial, pro-adipogenic, and
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pro-osteochondrogenic phenotypes, of which all expressed LepR
in at least some cells (Baryawno et al., 2019). Although these
studies shed exciting new light on the abundant heterogeneity
of single fluorescence-labeled cell populations, attention is
warranted, as results are mostly descriptive, and assumptions
are based on former knowledge. Future studies will have to
provide evidence that stromal sub-populations identified by
singe cell RNA-sequencing are following proposed differentiation
trajectories in vivo and fulfill functions assigned based on
gene expression.

LepR-expression can also be found in the mouse SSCs (mSSCs;
plus, all downstream lineages) identified by us, which show a
strong resemblance to BMP-antagonist Gremlin1-Cre traced cells
(Worthley et al., 2015). Grem1+ cells predominantly reside in
metaphyseal areas, show stem cell hallmark characteristics on the
clonal level, and are non-adipogenic. However, neither Nestin-
Cre nor LepR-Cre seem to substantially trace Grem1 cells, which
on the one hand supports the notion of a concept with at least
two skeletogenic stem cell populations; and on the other hand
might be the result of the infidelity of these Cre-reporters, e.g.,
incomplete recombination, or the time of initiated tracing. Latest
single-cell data is supportive of a stem cell model in which
one SSC source is following a classic tri-lineage differentiation
pathway that is complemented by a second origin for osteoblastic
cells created from a “chondrogenic cluster” (Baryawno et al.,
2019). The latter might entail the mSSC/Grem1+ cells as they
are found within the boundaries of highly chondrocyte-abundant
growth plate areas.

Along this chain of arguments, a recent publication describes
parathyroid hormone-related protein (PTHrP) as a label for
chondrocytes of the resting zone in the growth plate of long
bones which descend from a PTHrP+ SSC. PTHrP indeed
seems to enrich for mSSCs but remains heterogeneous for other
more committed cell populations (Mizuhashi et al., 2018). These
cells are shown to contribute to CAR cells and bone stroma
(not fat) below the chondrogenic zones, even though only to a
low degree. A potential explanation is the incomplete labeling
of stem cells by the Cre-driver, also observed when trying to
ablate PTHrP-expressing cells. Another study reported Glioma-
associated oncogene 1 (Gli1) as a marker for early postnatal
multipotent progenitor cells in the metaphyseal region of long
bones (Shi et al., 2017). Shi et al. showed crucial functions for
Gli1-cells in maintaining bone mass and the capacity to produce
chondrocytes, osteocytes, and adipocytes in vivo. Experiments
also confirmed a strong overlap with other BMSC markers such
as PDGFRα/β and LepR. Combined with the observation of
expression of markers usually seen in more mature cell types (i.e.,
Osx, Col1), this data implies that Gli1 enriches for multipotent
stromal cells but does not uniquely mark a homogeneous SSC
population. Future studies could more closely assess SSC content
of Gli1-positive cells by clonal analysis, an approach that was not
pursued in that work.

Aside from the association of SSCs at and around the
growth plate, they are also abundant along the periosteum,
where they can quickly get “activated” upon injury and facilitate
proper fracture healing (Marecic et al., 2015). We discovered
that these stem cells additionally express CD49f and display

stronger proliferative and bone-forming capacity than their
CD49f-negative counterparts. Colnot and colleagues confirmed
the existence of a multipotent periosteal cell pool with high
clonogenic as well as tri-lineage differentiation potential in vitro
and in vivo that plays an important role in fracture regeneration
(Duchamp de Lageneste et al., 2018). These cells were shown
to be dependent on the expression of the extracellular matrix
protein Periostin, as the loss of it impairs their number and
function. A unique marker for SSCs of the periosteum has
long remained elusive and could also not be provided by the
latter study which relied on plastic adhering cells derived from
micro-dissected periosteum and bone marrow cultured in media.
Recently, however, Cathepsin K (CTSK), best known as an
osteoclast marker, has been demonstrated to label a set of skeletal
cells present on the periosteum (Debnath et al., 2018). Functional
characterization of CTSK-Cre;mTmG reporter mice revealed
general multipotent stromal cell characteristics and a role in
fracture healing, but no involvement in hematopoiesis support.
Looking ahead, the ability of periosteal SSCs (pSSCs) to be
efficiently activated upon injury and their anatomical localization
lining the bone surface makes them an attractive source and
target for clinical treatments.

In sum, single-gene transgenic lineage tracing approaches
have key limitations since many of the frequently used
genes to trace SSC lineages, including PTHrP, Nestin, and
LepR, are broadly expressed by multiple tissue types and
are almost ubiquitously expressed within the skeletal lineages
independent of developmental stages (Table 1). There is enough
reason to believe that all here reviewed putative multipotent
stromal populations are comprised of cell mixtures that gain
multipotency from heterogeneity rather than being one defined
cell type. Another major caveat of most mouse SSC markers is
the inability to translate them to humans (Figure 1). This has also
become obvious when we identified a human SSC, which exhibits
a different marker profile than the mouse SSC population we
described. Investigating bona fide SSCs is crucial since the study
of impure cell populations will keep on hampering the discovery
of promising therapeutic approaches.

SKELETAL STEM CELL DEVELOPMENT

Bone formation mainly occurs through two mechanisms:
intramembranous and endochondral ossification, with the
former describing direct osteogenesis from stromal cells, while
the latter develops mineralized tissue through a cartilage
template. As the primary form of bone formation in the
appendicular skeleton, endochondral ossification is crucial for
establishing the hematopoietic niche (Chan et al., 2009).
Craniofacial bones arise from paraxial mesoderm and primitive
neural crest following both, intramembranous and endochondral
ossification routes. Excitingly, in a model of mandibular
distraction, we could show that mSSCs can reverse to their early
neural crest state in order to orchestrate directed regeneration
(Ransom et al., 2018). Many proposed SSC markers of the
cranium are distinct from the appendicular skeleton, which might
be at least in part explained by their differential developmental
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TABLE 1 | Summary of selected markers proposed to enrich for mouse skeletal stem cells and multipotent stromal cells.

Candidate
marker

References Reported overlap Gene expression in mSSC lineage
(Chan et al., 2015)

Self-renewal/
clonogenicity

Differentiation/lineage
contribution

Reconstitution of
niche

Cell Neonate Young Old

Sox9 Akiyama et al., 2005;
Mizoguchi et al., 2014;
He et al., 2017

Ocn, Osx, Prx1, Runx2,
LepR

SSC Yes Yes Yes In vitro: no data In vitro: no data Not assessed

BCSP Yes Yes Yes

Thy1+ Yes Yes No In vivo: no data In vivo:
osteochondrogenic (no
clonal data),
adipogenesis not
assessed

6C3+ Yes Yes Yes

Grem1 Worthley et al., 2015 CD105, Pdgfrα (low),
Sca1 (low), Osx, Acan

SSC Yes Yes Yes In vitro: low CFU-F
(approx. 1%)

In vitro: 84% of clones
osteochondrogenic

Not assessed;
contribution to niche
components

BCSP Yes Yes Yes

Thy1+ Yes Yes Yes In vivo: at least
long-term presence
(> 12mo) of labeled
cells

In vivo: clonally
osteochondrogenic (%
unknown)

CFU-F selected clones
are serial transplantable
to fracture site, give rise
to osteochondrogenic
fates

6C3+ Yes Yes Yes

Nestin Mendez-Ferrer et al.,
2010; Kunisaki et al.,
2013; Isern et al., 2014;
Ono et al., 2014a

NG2, Pdgfrα, αSma,
Cxcl12, Scf, Angpt1,
Vcam1, Opn, LepR,
Sox10, CD90 (low)

SSC No No No In vitro: approx. 5% of
clones form secondary
mesenspheres

In vitro: clonally
osteochondroadipogenic
(<50%)

Yes, not quantified

BCSP No No No

Thy1+ Yes No No In vivo: single
culture-derived
mesenspheres serial
transplantable

In vivo: clonally
osteochondroadipogenic
(<40%)

6C3+ Yes No No

LepR Ding et al., 2012; Zhou
B.O. et al., 2014

Pdgfrα, Pdgfrβ, CD51,
CD105, Cxcl12, Scf,
Dmp-1, Ocn, Sca1
(low)

SSC No Yes Yes In vitro: approx. 10% In vitro: approx. 10%
clonally
osteochondroadipogenic

Yes, approx. 30% of
clones upon
subcutaneous
transplantation

BCSP No Yes Yes

Thy1+ Yes Yes Yes In vivo: not directly
assessed

In vivo: clonally
osteochondroadipogenic

6C3+ Yes Yes Yes
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TABLE 1 | Continued

Candidate
marker

References Reported overlap Gene expression in mSSC lineage
(Chan et al., 2015)

Self-
renewal/clonogenicity

Differentiation/lineage
contribution

Reconstitution of
niche

Cell Neonate Young Old

Osx Maes et al., 2010; Park
et al., 2012; Mizoguchi
et al., 2014; Ono et al.,
2014a,b

Vcam-1, αSma,
Angpt1, Pdgfrα, Pdgfrβ,
Vegf, Nestin, Sox9,
Cxcl12, Ocn, Mx-1

SSC Yes Yes Yes In vitro: 0.5% of
P5-labeled clones form
secondary
mesenspheres

In vitro: P5-labeled
clonally
osteochondrogenic (%
unknown)

Not assessed;
P5-labeled cells
contribute to tissue
remodeling upon
fracture

BCSP Yes Yes Yes

Thy1+ No No Yes In vivo: no data In vivo:
osteochondroadipogenic
(no clonal data)

6C3+ No Yes Yes

Cxcl12 Greenbaum et al., 2013 Pdgfrα, Sca1, Prx1,
Osx

SSC Yes Yes Yes In vitro: no data In vitro:
osteoadipogenic as
bulk (chondrogenic
potential not assessed)

Not assessed

BCSP Yes Yes Yes

Thy1+ Yes Yes Yes In vivo: no data In vivo: no data

6C3+ Yes Yes Yes

Prx1 Akiyama et al., 2005;
Greenbaum et al.,
2013; Zhou B.O. et al.,
2014; Ambrosi et al.,
2017

Pdgfrα, Sca1, LepR,
Cxcl12

SSC Yes Yes Yes In vitro: as bulk In vitro:
osteochondroadipogenic
as bulk

Not directly assessed

BCSP Yes Yes Yes

Thy1+ Yes Yes Yes In vivo: as bulk In vivo: contributes to
all skeletal
mesenchymal tissues
(clonal % unknown)

6C3+ Yes Yes Yes

Ctsk Debnath et al., 2018 CD105 (low), Pdgfrα,
CD51, Grem1, Nestin,
Runx2, Ocn, Acan,
Sox9

SSC Yes Yes Yes In vitro: as bulk, in
mesensphere culture

In vitro: clonally
uniformly
osteochondroadipogenic

As bulk
intramembranous bone
formation without
hematopoiesis support,
endochondral upon
injury

BCSP Yes Yes Yes

Thy1+ Yes Yes Yes In vivo: upon bulk serial
transplant into fat pad
and under renal
capsule

In vivo: osteogenic,
chondrogenic upon
fracture (bulk)

6C3+ Yes Yes Yes
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TABLE 1 | Continued

Candidate
marker

References Reported overlap Gene expression in mSSC lineage
(Chan et al., 2015)

Self-
renewal/clonogenicity

Differentiation/lineage
contribution

Reconstitution of
niche

Cell Neonate Young Old

Pthrp Mizuhashi et al., 2018 CD105 SSC Yes Yes Yes In vitro: approx. 15% In vitro: clonal analysis
(low number), max.
50%
osteochondrogenic,
negligibly adipogenic

lineage tracing shows
continuous
contributions to stroma

BCSP Yes Yes Yes

Thy1+ Yes Yes Yes In vivo: clonally shown
(total percentage
unclear)

In vivo:
osteochondrogenic (not
clonally shown)

6C3+ Yes Yes Yes

Mx-1 Park et al., 2012 Pdgfrα, Sca1, CD105,
Ocn, Osx, Opn, CD29,
CD44, CD133

SSC No No No In vitro: approx. 5% of
clones

In vitro: clonally
osteochondroadipogenic
(unknown %)

Only contribute to
osteolineage in
homeostasis and injury

BCSP No No No

Thy1+ No No No In vivo: long-term
labeling (6–10mo)

In vivo: osteogenic only 70% of transplants
home to bone marrow
and display long-term
engraftment upon i.v.
transplantation

6C3 No No No

Microarray gene expression data of markers as expressed in the mouse SSC lineage tree (marker gene expressed: green; marker gene not expressed: red), showing no restricted labeling to highly purified SSCs
independent of age group (SSC: Skeletal Stem Cell; BCSP: Bone and Cartilage Stromal Progenitor Cell; Thy1+: Committed osteoprogenitor; 6C3+: hematopoiesis-supportive stroma). Information on stem cell
properties as reported for each population targeted by the candidate marker is summarized.
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origin. Axin2, for example, labels a stem cell pool throughout all
stages of development and adulthood of mice which is virtually
absent in long bones (Maruyama et al., 2016). These cells are also
functionally distinct as they normally do not form chondrocytes
and are less supportive of an ectopic hematopoietic niche when
transplanted under the renal capsule. Together with Gli1-positive
cells Axin2 is recognized as the best marker for cranial SSCs
(Zhao et al., 2015). Gli1-expressing cells share characteristics
with long bone BMSCs and are abundantly present along the
whole craniofacial bone gaps, called sutures, while Axin2-positive
stromal cells are restricted to the midline of these sutures. Both
cell types are thought to contribute to growth and regeneration.
These and other stromal cell markers of the cranium have been
more comprehensively reviewed elsewhere (Doro et al., 2017).

Genetic lineage tracing in mice has allowed an unperturbed
look into the developmental paths of SSCs. In the early embryo,
bone-forming cells originate from the adjacent perichondrium
of the cartilage anlage and migrate into the bone marrow cavity
where they transiently undergo osteogenesis before disappearing
in early postnatal life (Maes et al., 2010; Mizoguchi et al., 2014;
Ono et al., 2014b). These cells have been tracked through Osterix-
CreERt and a Col1(3.2kb)-CreERt lines. While Osx-expressing
cells are enriched for cell populations with high CFU-F shortly
after birth, they show a limited capacity to contribute to mature
bone, cartilage, and fat lineages during adulthood. It has been
implied that perinatal Osx-positive cells are a source of LepR+
cells which are the main origin of bone formed in adult mice (Liu
Y. et al., 2013; Mizoguchi et al., 2014; Ono et al., 2014a).

Initial cartilage templates for bone formation are derived
from Sox9-expressing progenitors, which are essential for skeletal
growth and if traced from early embryonic stages mark the entity
of osteogenic, chondrogenic, adipogenic, and stromal cell types
including CAR cells of the adult bone marrow (Akiyama et al.,
2005). They have also been assigned important roles as pSSCs
during fracture healing (He et al., 2017). CD105 is an early
marker of skeletal lineage commitment and can be detected as
early as E13 (Chan et al., 2013). E14.5 limbs digested to single-
cell dilution can re-create an ectopic bone marrow niche when
transplanted under the renal capsule of adult mice, inferring that
a SSC is present before blood vessel network formation (Chan
et al., 2009). In support, E13.5 Grem1-Cre traces almost the
entire embryonic mesenchyme and primary spongosia, which
in combination with the metaphyseal anatomical localization of
adulthood Grem1-expressing cells further strengthens the fact
that a putative stem cell population has an inherent chondrogenic
phenotype. This also fits with a theory in favor of the claim
that the hypertrophic chondrogenic zone contains non-apoptotic
chondrocytes acting as stem cells and when marked by Col10-
Cre or Col10-CreERt can be followed to differentiated osteoblasts
(Yang et al., 2014; Zhou X. et al., 2014; Mizuhashi et al., 2018).
Lastly, Newton et al. (2019) recently reported the formation of a
distinct stem cell niche in the early postnatal growth plate with
a hierarchical structure important for tissue renewal, backing the
presence of non-perivascular SSCs at this specific site.

The establishment of a blood vessel network in the newly
formed bone marrow cavity from around E14.5 allows the
formation of perivascular niches which are essential for the

establishment of hematopoiesis. HSCs are present as early as
E17.5 in long bones of mice and co-emerge with 6C3-supportive
stroma and LepR-expressing cells, underscoring the necessity of
the existence of a proper niche (Chan et al., 2013; Zhou B.O.
et al., 2014). Furthermore, LepR-Cre targeted cells contribute
to all osteogenic, chondrogenic, and adipogenic lineages in the
adult skeleton (Ding et al., 2012; Zhou B.O. et al., 2014). They,
however, very likely do not label a unique SSC population, due
to their ubiquitous expression, enforcing the need for more
specific SSC tracers.

In summary, Grem1-positive and mSSC cells are the first
stem cell populations to appear during skeletal development
and can be found throughout adulthood with contributions to
osteogenic and chondrogenic cells for homeostasis and fracture
repair. Perisinusoidal multipotent cell types arise during late
embryogenesis and are a source for bone, cartilage, marrow
fat. The exact proportions of the output to skeletal tissues and
functional differences of these two cell types warrant further
investigations in the future.

FUNCTIONAL CHARACTERISTICS OF
THE SKELETAL STEM CELL LINEAGE

Seminal findings of clonogenic fibroblasts in the bone stroma
have early on described the capacity of these cells to form
an ectopic bone marrow compartment complete with host-
derived hematopoietic tissue. This entails the interaction
of complex three-dimensional architecture with controlled
expression of niche factors guiding cell fates. SSCs and
bone “mesenchymal stromal cells” give rise to various stroma
populations with distinct contributions to the tissue, i.e., bone
formation, chondrocyte replenishment, bone marrow adipocytes
accrual, and hematopoiesis-support, which all play their part
in orchestrating skeletal organ function. The interaction of
skeletal lineage cells with the blood-forming compartment has
since been shown to be of uttermost importance. Aberrant
changes in those tightly regulated networks result in stem cell
lineage-based impairments which are potentially a cause for
many bone-related diseases. Skewing SSC fates into desired
lineages might hold great potential for translational approaches
beyond skeletal tissue maintenance and repair; and toward
treatments for hematological malignancies. Current therapeutic
strategies involving “mesenchymal stromal cells” are mostly
unsuccessful or moderate in effect as they largely rely on
their immune-modulatory effects. Working with defined and
controllable stem cell populations will pave the way to new, more
effective approaches.

Hematopoietic Niche Regulation
The conception of a stem cell niche, as envisioned by Schofield,
set the stage for investigations into the regulation of HSCs by
other cell types (Schofield, 1978; Kfoury and Scadden, 2015).
Osteoprogenitor and osteoblastic cells were the first cells thought
to have an important function in controlling hematopoiesis
(Taichman et al., 2001). Later, transplantation experiments
revealed that hematopoietic stem and progenitor cells (HSPCs)
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homed to perivascular and endosteal sites where they self-
renewed and differentiated (Kiel et al., 2005; Sipkins et al.,
2005; Lo Celso et al., 2009), an observation in close alignment
with the primary localization of multipotent stromal cells. Cre-
transgene mediated ablation of the osteoblastic compartment or
expressed regulatory genes thereof, e.g., Scf, Cxcl12, subsequently
confirmed that the osteogenic lineage did not markedly interact
with hematopoiesis (Kiel et al., 2007). In contrast, the significance
of more immature cell types, in particular labeled by Prx1,
LepR, or Nestin, could be shown by targeted depletion of HSPC
maintenance genes from the same (Mendez-Ferrer et al., 2010;
Greenbaum et al., 2013; Zhou B.O. et al., 2014). Endothelial
cell subsets are equally important for hematopoiesis which
has been reported to be through Notch signaling as well as
their permeability regulating reactive oxygen species exposure
on HSPCs which affects features such as migration, survival,
differentiation, and long-term repopulation capability (Itkin
et al., 2016; Kusumbe et al., 2016). On top of that, the
endothelium mediates important niche functions by directly
acting on stromal cells involved with HSC control (Kusumbe
et al., 2014). Lastly, bone marrow adipose tissue controls niche
behavior in a context-dependent manner. Marrow adipocyte
accumulation during obesity and aging impair hematopoiesis
(Naveiras et al., 2009; Ambrosi et al., 2017), while adipocyte-
derived SCF has been implied to promote regeneration after
irradiation damage (Zhou et al., 2017).

Hematopoietic stem and progenitor cells and downstream
lineages express many cognate receptors for factors produced by
the stromal cell compartment but produce cytokines allowing
two-way communication alike (Chan et al., 2015). Reverse
regulation of HSCs to stromal cells is an intriguing idea and
would give credit to the complexity of the niche model, a
concept that needs to be looked at more intensively. Interestingly,
metabolic sensing might be mostly restricted to the stromal
compartment, since HSPCs express no common receptors
involved in this process, e.g., LepR, PTH1R. Overall, this supports
a model in which the skeletal niche tightly controls HSC
maintenance and output.

It has to be noted that most experiments studying the
interaction of blood stem cells with the stromal cell compartment
are conducted with cytotoxic pre-conditioning, e.g., irradiation,
and the use of unspecific Cre-driver transgenes. This most
definitely affects experimental readouts, supported by divergent
results for studies under homeostatic conditions and after
transplant. The development of more cell type-restrictive
transgenic mice and novel methods for niche interrogations are
constantly adding to this active field of research and will shed
more light on the regulation of HSCs by specific cell populations.

Factors Impacting Lineage Fate
Diverse signals can direct lineage fates of multipotent BMSCs,
which has consequences for the hematopoietic niche and
is equally important for the balance of bone formation
and resorption. Metabolic and age-related changes can
favor adipogenic over osteochondrogenic differentiation
paths in multipotent stromal cells, thereby impeding bone
homeostasis (Yue et al., 2016; Ambrosi and Schulz, 2017;

Tencerova et al., 2019). It remains to be shown if “our” bona
fide SSCs, which under homeostatic and injury conditions
do not contribute to the adipocytic lineage, are also able to
acquire adipogenic fates during obesity, aging, or disease. The
intercommunication between bone and other tissues has been
established and is to a large extent mediated through stem
cells (Idelevich and Baron, 2018). For instance, gut microbiota
can control circulating IGF1 levels to induce bone formation
(Yan et al., 2016). Moreover, a central signaling axis from the
brain might be governing activity and lineage decisions of SSCs
opening up a whole new research area (Herber et al., 2019).

Cartilage degeneration causing arthritis is one of the major
health burdens of our society. It is unclear why articular cartilage
at bone surfaces fails to be repaired. Currently, it is thought to
be because of the avascular and structural nature of cartilage.
Alternatively, it could be implied that SSCs lose their intrinsically
defaulted chondrogenic fate displayed during growth and are
skewed toward osteogenic and fibroblastic phenotypes. Strategies
to target SSCs for stimulated cartilage output hold great promise
for future treatments of this disease. Notably, we were able to
show that BMP2 alone promotes expansion to an osteogenic fate
of SSCs, while an additional VEGF-inhibitor application results
in abundant cartilage formation (Chan et al., 2015). SSC lineages
are main sources of these two factors accentuating that they
are in part regulating their own niche by paracrine signaling,
which can be modulated according to prevalent cues from the
surroundings. Simultaneously, extrinsic alterations interfering
with the niche guide aberrant lineage output. This is exemplified
by the observation that cells labeled by PTHrP-CreERt directly
differentiate into Col1a1(2.3kb)-GFP+ osteoblasts upon micro-
perforation injury (Mizuhashi et al., 2018), losing their controlled
fate upon niche interruption. Single multipotent BMSCs are
reliant on a supportive niche in the form of feeder cells
for engraftment and the ability to efficiently proliferate and
differentiate in in vitro assays, respectively, underlining the
necessity of a supportive niche (Chan et al., 2013; Ambrosi et al.,
2017). Altogether these findings substantiate the notion that
microenvironmental crosstalk and integrity is essential for proper
stem cell function.

Age-related decline of tissue function is associated with bone
loss and increased fracture risk, promoted by an osteoporotic
status (Burge et al., 2007). Several reasons for stem cell
aging have been described, i.e., telomere attrition, genomic
instability, epigenetic alterations, loss of proteostasis, cellular
exhaustion/senescence, and mitochondrial dysfunction/oxidative
stress (Lopez-Otin et al., 2013). In vivo findings on the
mechanism of compartmental aging of skeletal stromal cells
is limited (Ganguly et al., 2017). Recent work has suggested
that inflammation drives intrinsic adaptations in LepR-positive
stromal cells with advancing age that decrease numbers
and display loss of osteogenic capacity leading to impaired
regeneration (Yukata et al., 2014; Josephson et al., 2019).
Similarly, perivascular SSCs lose their osteochondrogenic
differentiation ability while maintaining adipocyte formation
in vitro and preferentially generate adipogenic cell types in vivo
(Ambrosi et al., 2017). Using advanced stem cell characterization
techniques, we could also demonstrate that metabolic disease
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such as diabetes mellitus represses expression of Indian
Hedgehog (IHH) in SSCs, vested on high exposure of circulating
tumor necrosis factor-alpha (TNFα), impairing bone repair.
Pharmacological re-exposure of SSCs to exogenous IHH could
rescue diabetic bone healing (Tevlin et al., 2017).

Furthermore, compositional changes of the bone stroma
during aging might disrupt the hematopoietic niche causing the
pronounced skewing to myeloid fates and mediating expansion
of the HSPC pool. A consequence of the niche dysregulated
in this manner is the increased production of bone-resorbing
osteoclasts and simultaneous decrease of osteochondrogenic
tissue formation, additionally corroborating loss of skeletal mass.
RANKL and MCSF are essential and sufficient to drive osteoclast
maturation, survival, and differentiation from the monocytic
lineage (Cenci et al., 2000). While mature osteocytes have long
been thought to be the main source of pro-resorbing cytokines
(Nakashima et al., 2011), other findings favor the importance
of more immature stromal cell populations as a source for
osteoclastic factors (Cao et al., 2005; Tikhonova et al., 2019).
Recently, it was demonstrated that RANKL reverse signaling
from osteoclasts to osteoblasts can also stimulate bone formation
(Ikebuchi et al., 2018). Follow-up investigations will have to
unravel the implications of this mechanism as well as the exact
role of stromal cell-derived signals for age-related processes.
Finally, the possibility of a switch of skeletal lineages to an
abundantly fibroblastic phenotype accompanying modifications
of the extracellular matrix accelerating aging symptoms has
prevailed to be an understudied direction of research. Targeting
stem cell-sensed inflammation, reciprocal signaling with the
hematopoietic niche, and cellular senescence comprise promising
interventions for beneficial effects on bone health (Baker et al.,
2011; Campisi, 2013).

CAVEATS OF SKELETAL STEM CELL
BIOLOGY

The field of SSC research has made fundamental progress
over the last 60 years driven by technological advancements
and the evolving potential of stem cell-based therapeutics.
Results describing prospective SSC populations and mechanistic
backgrounds of their function and regulation have been
pleiotropic. Although we have learned important lessons from
basic science, we are far from effective translational strategies.
Reasons can be found in the examination of incompletely
purified stem cell populations, discordant use of definitions and
terminology as well as overinterpretation and conclusions drawn
from flawed experimental models.

A major caveat of BMSC populations is their varying
heterogeneity in terms of the actual percentage of cells with bona
fide stem cell characteristics which in this new research era we
are now able to address with single-cell genomics. It also will be
compelling to see if highly purified cell populations such as the
mSSC can undergo “clonal skeletogenesis”, meaning that single
cells acquire a fitness advantage over others, may it be through
genetic mutations or local stimuli. This will be particularly
interesting from the perspective of skeletal maintenance, aging,

and disease, comparable to what has been shown for HSCs
(Jaiswal et al., 2014, 2017). Through the recent demonstration of
mouse and human SSCs we are now in the position to interrogate
inter-species and inter-bone site differences of SSCs, providing
us with a platform for the delineation of clues on the intrinsic
determinants of skeletal size and shape. We envision this to be
harnessed for novel therapeutic strategies.

Pitfalls of Skeletal Stem Cell
Characteristics Assessment
The matter of heterogeneity warrants a re-examination of results
by Owen and Friedenstein; that is the varying differentiation
potential of CFU-F cells derived from marrow aspirates and their
depiction as a non-homogeneous cell mixture manipulatable
for multiple directions of differentiation. For a long time,
the lack of well-defined functional assays similar to what is
available for HSCs allowed only retrospective analysis of stem
cell characteristics. The nature of plastic adherence cultures
has strongly limited the analysis to a few primitive cells,
ignoring the fact that quiescent stem cells might not readily
attach in these assays. The underestimation and inaccurate
characterization of stem cell-like cells become obvious when
comparing cultures of the same cell type with or without feeder
layer. Single feeder layer-supported candidate SSCs show higher
survival and tri-lineage potential in vitro (Ambrosi et al., 2017).
Two-dimensional culture limitations are partially overcome by
mesensphere cultures which nevertheless still have to deal with
the exposure to random factors compared to their endogenous
niche. Fetal calf serum is an essential additive for stromal cell
culture, however, is of unknown composition (e.g., hormones,
growth factors, steroids, etc.) depending on lot number, which
very likely affects properties of cultured cells and makes it
hard to compare or reproduce results between laboratories. The
ISCT has agreed on a marker panel expression for multipotent
cultured stromal cell populations, which might hold true for the
in vitro setting but is not transferable to the physiological setting,
as often done; and more importantly characterizes fibroblastic
instead of stem cell characteristics (Dominici et al., 2006).
Cell surface epitope expression is prone to change depending
on isolation method, culture conditions, and cell-detachment
methods (discussed earlier).

Functional analyses are usually conducted on a selected
number of highly proliferative clones which are passaged and
treated with artificial cues for acquiring putative cell fates
in vitro. There is also no common agreement on how to
interpret the maturation stage of stem and progenitor cells
by in vitro differentiation assays. While robust differentiation
toward induced fates is mostly understood as multipotency
originating from a stem cell, some laboratories have argued
that populations with less pronounced differentiation phenotypes
might be indicative of a more immature hierarchical state
(Merrick et al., 2019).

Flow cytometry allows the prospective isolation of putative
SSC populations that can be investigated for stem cell properties
by direct transplantation into an in vivo setting without
prior culture. Preparation of FACS samples entails the use of
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mechanical and enzymatic digestion, which also brings about
risks for cell loss and changes of cell epitopes. Transcriptomic
comparisons of bulk tissue versus sorted viable populations
using deconvolution techniques such as CIBERSORT can help
to identify potential cell types that may be only inefficiently
isolated by FACS (Newman et al., 2015). Yet, it can be assumed
that isolation of cells by surface marker expression is superior
to selective and artificially skewed adherence cultures. It is also
important to control if antibody panels for distinct cell types are
inclusive of the same cells when working with treatment, disease,
or aged cohort samples. The same applies when examining
stromal cells from different skeletal sites. In this context,
reporting of cell type abundance is highly ambiguous, since
cellular composition, preparation method, and presentation of
analysis often vary.

Taken together, the scientific community should refrain from
defining “stem cells” based on their in vitro behavior. Rigorous
in vivo testing of prospective cell populations will give a better
understanding of true SSCs. Proof for the translatability of
findings from mice to humans should always be aimed for,
specifically, since many stem cell markers are not conserved
between the two species, a prominent example being the
cell surface configuration of mouse and human SSCs (Chan
et al., 2015, 2018). The development of novel and more
sophisticated techniques are needed to enable interrogations of
SSCs in situ across species.

Limitations of Transgenic Mouse Models
One means of looking at stem cell dynamics without
perturbations is with the help of transgenic mice. Unfortunately,
the use of gene promoters is inherently limited and biased
(Mendez-Ferrer et al., 2015). No single genetic marker can
target a pure skeletal or stromal stem cell population to date.
Fluorescent reporter protein presence under control of a
target gene can be misleading and not reflective of the actual
expression. For instance, minimal thresholds of transcriptional
activity for fluorescence protein expression and detection are
varying depending on gene construct and reporter protein
used. Immature stromal cells also tend to express high levels of
genes necessary for differentiation, which not necessarily means
that they have already committed to a lineage which would
be represented by the investigated marker. Lastly, fluorescent
protein retention after gene expression has ceased also gives
a false readout.

The gold standard for lineage tracing is the Cre-LoxP
system. Although very efficient for a broad majority of tissues
it comes with major limitations for bone tissue (Elefteriou
and Yang, 2011). Potential causes have been implied to result
from the chromosomal location of floxed alleles, the distance
between LoxP sites, and cell-specific Cre-activity (Liu J. et al.,
2013). A number of Cre-lines targeting common stromal cell
markers (PDGFRα, Prx1, Osx) have been demonstrated to only
incompletely recombine in the bone marrow (Krueger et al.,
2014; Mizoguchi et al., 2014; Zhou B.O. et al., 2014; Ambrosi et al.,
2017). To the opposite, some Cre-reporters show fluctuating
levels of leakage in cells not expressing the transgene. Different
models for the same reporter gene have yielded divergent results.

Reporter mice for the osteogenic transcription factor Osterix,
for example, label only committed osteoblastic cells in an earlier
model while also recombining in stromal cell types in newer
inducible versions (Madisen et al., 2010; Maes et al., 2010;
Liu Y. et al., 2013). Evidence that Cre-expression alone can
affect skeletal maturation has also been reported in an Osx-Cre
model, necessitating a rigorous assessment of each transgenic line
(Wang et al., 2015).

Investigations of functional effects mediated by Cre-drivers
often ignore quantitative and qualitative off-target effects. In
the context of constitutive Cre-expression, compensatory effects
for the lack of a deleted target gene have to be considered,
especially during development. Cre-driven gene deletions are also
often rather inefficient, reflected in the moderate phenotypes
contrary to the expectation. Timepoint-specific deletions by
inducible Cre-ERt models are many times hard to interpret as
they require tamoxifen administration which has been shown
to have side effects, even more pronounced when applied long-
term. This has been partially overcome with the development
of Cre-ERt2 models, which require up to ten times lower
amounts of tamoxifen administration. Possible side issues should
also be accounted for when using other activators of genetic
modifications such as doxycycline, tetracycline, and diphtheria
toxin. Drawbacks of single markers used to characterize stem
cell populations are obvious. Prominent examples of Cre-lines
misinterpreted as selective multipotent stromal cell markers
include Mx-1, Nestin, NG2, and LepR (Ulyanova et al., 2007;
Park et al., 2012; Mizoguchi et al., 2014; Zhou B.O. et al.,
2014). Aside the broad spectrum of stromal cell types they select
for, they additionally span hematopoietic and endothelial cell
populations. When using these Cre-models for directed deletion
of genes in bone populations it is also important to consider
functional readouts of indirect origin, in these cases of neural
origin, especially on the note that brain-derived factors affect
bone physiology.

Thus, data has to be interpreted with all these potential
pitfalls in mind. Appropriate controls for background signal
determination are important. Transgene reporter expressions
should always be validated in multiple ways, e.g., FACS, qPCR,
or histology. In general, it is advisable to combine fluorescence
protein expression with additional antibodies against surface
proteins. This is allowing the investigation of more purified cell
types, which couldn’t be looked at without fluorescence-tagging
of non-surface markers. Overall, comprehensive approaches
combining rigorous validation of designated cells and functional
testing of stem cell hallmarks in in vivo assays are necessary.
This will also help to lead the way to the identification and
development of more specific SSC Cre-models.

CONCLUSION AND FUTURE
DIRECTIONS

The field of SSC research holds enormous promise for a
paradigm shift in the treatment of bone-related diseases
and the understanding of pathogenetic mechanisms. In order
to accomplish meaningful translational results, the research
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community will be better served if there are updated guidelines
for the definition and nomenclature of SSCs; in the spirit of
the ISCT publication (Dominici et al., 2006). However, it is
necessary to amend the ISCT guidelines as they continue to
build on the initial problematic definition of “MSCs” (Caplan,
1991). Constituting a revised definition will have to be based on
the latest technological advancements that have granted a better
understanding of the function and regulation of single stem and
progenitor cell types. Integrating the state-of-the-art knowledge
and available resources of bone stem cell biology to us, we have
come to suggest minimal criteria and terms for defined bona fide
stem cells of the skeleton.

Proposed Bona Fide SSC Criteria
In vitro methods to derive true tissue-specific stem cells, expand
patient-derived stem cells, and protocols to differentiate them
into functional tissues are highly important topics in stem
cell research and bioengineering. However, in vitro cell culture
experiments have limited value in assessing in vivo cell behavior
and should not exclusively be considered as evidence in the
determination of stem cell activity. This has been extensively
shown for bone marrow-derived stromal cells, which display
differentiation capacity beyond mesodermal fates in vitro but are
much more restricted in vivo (Bianco et al., 2006). SSCs should
be able to self-renew, give rise to progeny of more restricted
cell fate, and differentiate at least into osteoblasts/osteocytes and
chondrocytes, all on the clonal level in vivo without prior in vitro
culture (Bianco et al., 2008). Self-renewal should be considered
maintaining the original phenotype while simultaneously giving
rise to cell populations and stroma of more mature states which
together are able to reconstitute an entire stem cell compartment
in vivo able to recruit active hematopoiesis; and not be confused
with sustained growth and differentiation capacity in culture.

These properties should be observed upon transplantation
of freshly isolated cells into the endogenous environment but
can also be assessed when transplanted into ectopic sites, e.g.,
renal capsule, adipose tissue, subcutaneous; to determine their
intrinsic skeletogenic potential. It remains to be investigated,
however, if SSCs might suffer from exhaustion much faster than
HSCs because the inherent tissue turnover is manifolds slower. In
contrast to HSCs, which can home to their bone marrow niches
after intravenous injections, SSCs have to be transplanted into the
desired tissue and, more importantly, need stromal cell support
in order to engraft at the single-cell level (Chan et al., 2013).
Functionally, as also exemplified by HSC approaches, proof of
substantial contributions to skeletal tissue during homeostasis
and/or injury should be provided for candidate cell populations,
may it be through lineage tracing or long-term tracking of donor
cells after transplantation.

Based on the possibility that multiple stem cell types exist
within the bone and the observation that SSCs defined by us
and others do not make adipocytes, tri-lineage differentiation
capacity should not be a prerequisite for stem cells. Likewise,
at this point, we are not able to define common markers for
all bone-resident stem cells, except that they are most likely
of non-hematopoietic (CD45−) and non-endothelial (CD31−)
origin. A major challenge will be to discern the existence

of SSCs at multiple anatomical sites throughout development,
adulthood, and repair. The constant dynamic adaptations of
skeletal tissue will require a careful characterization of all
potential stem cell niches. Currently, it seems likely that discrete
microenvironments of the same bone harbor distinct stem cell
populations with similar properties but dedicated physiological
functions depending on the localization.

SSC Terminology From Here on Onward
While considering the difficulties in altering a widely engrained
nomenclature and acknowledging the improbability that the
general usage of “MSC” will be discarded any time soon (Caplan,
2017), we would still like to propose a couple of specifications to
address some of the more confusing and negative connotations
of the term. The name “mesenchymal stem cell” is chronically
used in an inappropriate fashion to describe a cell population
with stem cell features as a whole but high heterogeneity on
the single-cell level and, therefore, should be abandoned. Bona
fide SSCs can be considered bone-resident stromal stem cells.
Similarly, any other connective tissue contains a comparable,
but specific stem cell type. If minimal criteria of stem cell
state have not been properly investigated, cell populations from
these tissues should be referred to as “multipotent stromal cells,”
indicative of mixed stromal cell types of the corresponding
source tissue. “SSC” should be reserved for the highly selective
and homogeneous cell population responsible for bone organ
development, growth, and regeneration/repair only. Contingent
upon the anatomical microenvironment these cells reside in,
SSCs could be further specified, e.g., growth plate SSCs (gpSSC),
periosteal SSCs (pSSCs), etc.

Connective tissues harbor different amounts of stem cell
types depending on the lineages required for proper organ
function. The terminology of stem cells should be reflective of
the tissue origin and contributions, as successfully implemented
with SSCs. Evidence for a second distinct perivascular stem cell
in long bones, which seems to be predominantly involved in
hematopoietic maintenance and niche support, and which is
more representative of classic “MSCs” when assayed in vitro leads
us to propose the classification of a perivascular SSC (pvSSC),
based on its localization and properties. Future experiments will
have to shed more light on the characteristics and functions
of subpopulations of SSCs and will have to further evolve
terminology applied to these cell types. Eventually the scientific
community should establish a timely and accurate cell atlas for
reporting new skeletal lineages within the context of previously
discovered lineages in real-time.
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The formation of the vertebrate skeleton is orchestrated in time and space by a number of 
gene regulatory networks that specify and position all skeletal tissues. During embryonic 
development, bones have two distinct origins: bone tissue differentiates directly 
from mesenchymal progenitors, whereas most long bones arise from cartilaginous 
templates through a process known as endochondral ossification. Before endochondral 
bone development takes place, chondrocytes form a cartilage analgen that will be 
sequentially segmented to form joints; thus, in the cartilage template, either the cartilage 
maturation programme or the joint formation programme is activated. Once the cartilage 
differentiation programme starts, the growth plate begins to form. In contrast, when the 
joint formation programme is activated, a capsule begins to form that contains special 
articular cartilage and synovium to generate a functional joint. In this review, we will 
discuss the mechanisms controlling the earliest molecular events that regulate cell fate 
during skeletogenesis in long bones. We will explore the initial processes that lead to 
the recruitment of mesenchymal stem/progenitor cells, the commitment of chondrocyte 
lineages, and the formation of skeletal elements during morphogenesis. Thereafter, we 
will review the process of joint specification and joint morphogenesis. We will discuss 
the links between transcription factor activity, cell–cell interactions, cell–extracellular 
matrix interactions, growth factor signalling, and other molecular interactions that control 
mesenchymal stem/progenitor cell fate during embryonic skeletogenesis.

Keywords: skeletal stem cells, chondrogenesis, endochondral bone development, limb development, joint 
development

INTRODUCTION

The formation of the vertebrate skeletal system is a paradigmatic model process for the study of 
differentiation, patterning, and morphogenesis during embryogenesis. The appearance of an 
endoskeleton during evolution has favoured the radiation of many forms of tetrapods that have 
adapted to many ecological niches (Vogel et al., 1996; Ohuchi et al., 1997; Shubin et al., 1997). 
An intricate network of genetic regulatory programmes that coordinate three-dimensional 
organization, differentiation, patterning, and morphogenesis hierarchically regulates skeleton 
formation during embryogenesis. During skeletogenesis, the sequences of events that occur during 
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bone and cartilage development are temporally and spatially 
regulated to not only control the patterning of the early skeleton 
but also ensure the correct shapes of all skeletal elements. At the 
same time as patterning, precursor cells are committed to the 
cartilage lineage under precise spatial and temporal control of 
cell differentiation. Once chondrogenesis starts in the early stages 
of embryogenesis, cartilage forms and is gradually replaced by 
bone; however, it persists on articular surfaces and forms the sole 
skeletal support system for the larynx, trachea, bronchi, and other 
structures. Cartilage is usually an avascular tissue, except in areas 
where blood vessels pass through other tissues and in regions 
where endochondral ossification occurs (Mackie et al., 2008). 
According to its nature and visibility, cartilage can be subdivided 
into three varieties: 1) hyaline, 2) elastic, and 3) fibrous, with 
hyaline cartilage being the most widely distributed type. As a 
tissue, cartilage has multiple embryological origins, including 
the cranial neural crest (CNC) (Chai et al., 2000), dorsal paraxial 
mesoderm, and lateral plate mesoderm (LPM) (Hall, 1981; 
Takahashi et al., 2001). CNC cells migrate from the dorsal neural 
tube into the branchial arches and other regions of the developing 
face and head, where they give rise to bones and cartilage (Hall, 
1981; Takahashi et al., 2001). The ribs and vertebrae originate 
from somites, which are formed by segmentation of the paraxial 
mesoderm. The somites de-epithelize ventrally to give rise to 
the sclerotome. Mesenchymal cells from the sclerotome receive 
signals from the notochord to form vertebrae and intervertebral 
discs, while cells from the lateral sclerotome migrate out to 
form the ribs (Chal and Pourquié, 2017). Finally, cells from 
the LPM participate in the establishment of the appendicular 
skeleton. LPM cells proliferate and migrate from the flanks of 
the embryo and form the limb buds (Vogel et al., 1996; Ohuchi 
et al., 1997; Jin et al., 2018). As development progresses, these 
initially undifferentiated cells interpret signals according to their 

positions and differentiate into a variety of tissues that compose 
the adult limb while simultaneously shaping each limb into its 
final form.

The aim of this review is to explore the earliest molecular 
processes that control cell fate decisions during appendicular 
skeletogenesis. Specifically, we will focus on the cellular and 
molecular mechanisms that govern the early fate decisions 
of mesenchymal stem/progenitor cells that give rise to the 
appendicular skeleton, using limb development as a model. 
Here, the term stem/progenitor cells will be used despite 
there is no evidence that mesenchymal cells are either stem or 
progenitor cells. Stem cells are considered to have the capacity 
to reproduce themselves. By asymmetric division, these cells 
can generate progeny with the ability to acquire distinct cell 
fates and to differentiate into functional cell types. Stem cells 
are present in many tissues for long durations and are regulated 
by the microenvironment, the stem cell niche. In contrast, 
progenitor cells arise from asymmetric division of stem cells and 
differentiate into distinct functional cell types. When progenitor 
cells proliferate to amplify their populations, they are also called 
transient amplifying cells (Slack, 2018). First, we will review the 
initial process that leads to the recruitment of mesenchymal 
stem/progenitor cells to the chondrocyte and osteoblast lineage 
and to the formation of skeletal elements located in the core of 
the limb and the subsequent process of endochondral ossification 
in long skeletal elements. We will also explore the early steps of 
joint specification.

A Brief Overview of Limb Development
Tetrapod limbs are adapted to different habitats. Despite their 
diversity, limbs have three anatomical regions that can be 
distinguished: the stylopod in the proximal region, which gives 

FIGURE 1 | Limb bud development and adult limb structures are conserved among tetrapods. A scanning electron microscopy image of a 22HH chick forelimb 
shows limb bud, the structure where all the skeletal elements arise during development. Schematic representations of adult skeletal structures of forelimbs from 
distinct tetrapods (frog, turtle, bird, and human) are shown. The most proximal skeletal element, the stylopod, is characterized for a single skeletal element (purple); 
two middle elements represent the zeugopod (orange), and the distal region highly segmented represents the autopod (blue).
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rise to the humerus of the forelimb and the femur of the hindlimb; 
the zeugopod, which corresponds to the two middle elements, 
the radius/ulna of the forelimb or the tibia/fibula of the hindlimb; 
and the autopod, which corresponds to the highly segmented 
distal elements, developing into the metacarpal/carpal/finger 
bones of the forelimb and the metatarsal/tarsal/toe bones of the 
hindlimb (Figure 1; Towers and Tickle, 2009; Tickle, 2015).

The beginning of limb development is evidenced by the 
emergence of a limb bud (Tickle, 2015). Embryonic limb buds 
are formed by mesenchymal cells covered with ectoderm. The 
mesenchyme gives rise to the skeleton and ligaments, while 
the ectoderm gives rise to the skin and its derivates. However, 
although a homogeneous mesenchymal cell population is 
initially observed, cell populations that secrete molecular signals 
to establish limb spatial patterns are localized in certain limb 
bud zones (Shimizu et al., 2007; Zeller et al., 2009; Tickle, 2015) 
i.e., the arrangement of limb structures and the formation of a 
functional limb originates from the spatiotemporal organization 
of cells. The establishment of spatial patterns is closely related 
to morphogenesis, the process by which an organism develops 
its final shape. The three-dimensional organization of the limb 
depends on molecular interactions between three different 
signalling centres that govern limb shape and patterning in the 
proximo-distal (PD), antero-posterior (AP), and dorso-ventral 
(DV) axes (Towers and Tickle, 2009; Tickle, 2015). The outgrowth 
of the limb bud is coordinated by the apical ectodermal ridge 
(AER), positioned at the distal part of the limb at the boundary 
between the dorsal and ventral ectoderm (Figure 2; Saunders, 
1948; Laufer et al., 1997; Rodriguez-Esteban et al., 1997). This 
structure releases signals to the undifferentiated region beneath 
it, promoting proliferation and maintaining the undifferentiated 
state of mesenchymal stem/precursor cells. Once mesenchymal 
stem/progenitor cells leave the region under the influence of 
the AER, they acquire spatiotemporal cues that allow them to 
commit to different cell lineages (Tabin and Wolpert, 2007). On 
the other hand, the AP polarity of the limb is directed by the 
zone of polarizing activity situated in the posterior region of the 
early limb (Saunders and Gasseling, 1968; Riddle et al., 1993). 
Finally, the dorsal ectoderm controls the DV polarity of the limb 
(Figure 2; Yang and Niswander, 1995, Parr and McMahon, 1995). 
Mesodermal cells from all axes interpret the molecular signals 

from the three signalling centres, giving rise to skeletal elements, 
muscles, tendons, and ligaments.

In all vertebrates, the formation of the appendicular skeleton 
originates from a cartilage template initiated in the core of the 
limb mesenchyme (Shum et al., 2003). The development of 
appendicular skeletal elements requires the proliferation and 
migration of mesenchymal cells from the LPM to the limb bud 
(Shimizu et al., 2007). Mesenchymal cells at the periphery of the 
limb bud are maintained in an undifferentiated state by signals 
released from the ectoderm (ten Berge et al., 2008). However, 
in the centre of the limb bud, chondrogenic signals induce the 
aggregation of mesenchymal stem/progenitor cells, giving rise 
to condensations that will later form the cartilage templates. 
The production of cartilage anlagen of specific sizes, shapes, and 
positions allows the precise patterning of limb skeletal elements. 
Except in the joints, the cartilage tissue is eventually replaced by 
bone in a process called endochondral ossification.

Maintenance of the Undifferentiated State 
of Limb Mesenchyme Prior to Skeletal 
Specification
Multiple cell types form an adult limb, but cartilage, bone, 
perichondrium, dermis, ligaments, and tendons originate 
from the limb mesenchymal stem/progenitor cells. Preceding 
lineage commitment, mesenchymal stem/progenitor cells are 
maintained in an undifferentiated state due to the influence of 
the AER and ectodermal signals. When they abandon the area of 
influence of these signals, begin the cellular commitment to give 
rise to different cellular lineages.

The Importance of the Establishment of the AER-
FGF Signalling
The undifferentiated zone under the AER is approximately 
200 µm in size and is located in the distal region of the limb 
bud (Figure 3; Summerbell et al., 1973; Dudley et al., 2002). 
Pioneering work by Saunders (Saunders, 1948) and later work 
by Summerbell (Summerbell, 1974) demonstrated the role of the 
AER in the outgrowth and formation of the skeletal elements of 
the embryonic limb. Using chicken embryos, they showed that 

FIGURE 2 | Signalling centres controls limb development. (A) A posterior view of a scanning electron microscopy of a 22HH chicken hindlimb bud showing in blue 
the apical ectodermal ridge (AER) between the dorsal and ventral ectoderm. The localization of the zone of polarizing activity (ZPA) is showed with an asterisk.  
(B) In situ hybridization in a 22HH chicken hindlimb showing the expression of Shh in the ZPA and Fgf8 in the AER, signalling centres of the limb bud.
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AER removal at progressive stages of limb development caused 
a progressive loss of distal elements of the limb (Saunders, 1948; 
Summerbell, 1974). In the chicken embryo, the AER becomes 
distinguishable at Hamburger–Hamilton stage 18 (Hamburger 
and Hamilton, 1992) (18HH) during development, when distal 
ectodermal cells acquire columnar shapes distinguishing them 
from the cuboidal ectoderm. At stage 20HH, the AER becomes a 
pseudostratified epithelium that is maintained until the 23–24HH 
stage (Todt and Fallon, 1984). On the other hand, AER initiation 
in the mouse forelimb starts at approximately embryonic day 9 
(E9). It is known that Wnt3a/β-catenin signalling in chicken 
and Wnt3/β-catenin signalling in mouse is required to maintain 
the AER after its initiation and maturation (Barrow et al., 2003; 
Kengaku et al., 1998). In 2002, it was demonstrated that both 
fibroblast growth factor (FGF) 8 and 4 signalling from the 
AER play instructive roles and are essential for the survival of 
mesodermal cells, maintaining the viability of the underlying 
AER mesodermal cells to ensure sufficient availability of 

progenitors for normal formation of the skeletal elements 
(Sun et al., 2002). However, Fgf9 and Fgf17 are also expressed 
in the AER and contribute to limb development. Interestingly, 
an Fgf8 knockout (KO) mutant has been found to show more 
severe limb defects than individual and compound Fgf4/Fgf9/
Fgf17 mutants. This result suggests that the presence of Fgf8 is 
sufficient for normal limb development. An explanation for the 
diverse range of phenotypes obtained with various Fgf KOs is 
that the AER-FGFs (Fgf8, Fgf4, Fgf9, and Fgf17) are functionally 
equivalent but differ in the extent to which they contribute to 
the AER-FGF signal; thus, changes in the different components 
produce different changes in the total AER-FGF signal (Mariani 
et al., 2008). On the other hand, Lu et al. (2008) through 
genetic ablation of FGFR2 function found evidence suggesting 
that FGFR2 promotes the survival of AER cells and interacts 
with Wnt/β-catenin signalling during AER maintenance. 
Additionally, using Hoxa13 as an early autopod progenitor cell 
marker, the authors found that premature AER loss in mutant 

FIGURE 3 | Undifferentiated zones beneath limb ectoderm as reservoirs of stem/progenitor cells. (A) Scanning electron microscopy of a sagittal section of a  
23HH chicken forelimb showing the undifferentiated zone. Yellow and orange squares-marked regions represents the image showed in B and C respectively.  
(B) Magnification of yellow boxed area. The undifferentiated zone, in purple, is under the dorsal ectoderm (yellow) influence. The region where mesenchymal cells are 
committed to chondrogenic/tenogenic lineage is showed in orange. (C) Magnification of orange boxed area. The undifferentiated zone (purple) underlies the Apical 
Ectodermal Ridge (AER) and dorsal and ventral ectoderm (yellow). Notice that the marginal vein, indicated with an asterisk, delimits the undifferentiated zone and the 
committed zone (orange).
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limb buds may delay the generation of autopod progenitors, in 
turn preventing the progenitors from reaching the threshold 
number required to form a normal (Lu et al., 2008). However, 
mesenchymal expression of Fgfr2 (Coumoul et al., 2005) and 
Fgfr1 (Li et al., 2005; Verheyden et al., 2005) is also necessary for 
skeletal progenitor cells to respond to AER signals.

Molecular Control in the Maintenance of an 
Undifferentiated State of Mesodermal Cells
In the first stages, all mesenchyme in the limb bud is 
composed of undifferentiated cells. While the limb grows, 
an undifferentiated distal zone is always maintained (Figure 
3). The region from which digital rays later extend and where 
joints are sequentially formed also features an undifferentiated 
zone known as the digital crescent (DC) (Montero et al., 2008) 
or phalanx-forming region (PFR) (Suzuki et al., 2008), which 
is positive for pSMAD1/5/8 and pSMAD2. The maintenance 
of mesenchymal stem/progenitor cells during development 
in an undifferentiated, proliferative, and viable state is highly 
regulated by ectodermal signals.

It is known that combinations of Wnt and FGF signals from 
the limb ectoderm, specifically FGF8 and WNT3A signals, have 
different effects on the mesenchymal stem/progenitor cells of the 
undifferentiated region than either signal alone. Mesenchymal 
cells are maintained in a multipotent and proliferative state by 
the synergistic action of both growth factors, but they retain 
the ability to undergo chondrogenesis. In the absence of both 
signals, mesenchymal stem/progenitor cells exit the cell cycle 
and begin chondrogenic differentiation. Continuous exposure 
to Wnt induces Nbl1 expression, which maintains proliferation 
and re-specifies the cells towards soft connective tissue lineages 
(ten Berge et al., 2008). Additionally, N-Myc plays a significant 
role in the expansion of undifferentiated mesenchymal cells, 
which gives rise to chondrocyte and osteoblast progenitors, while 
c-Myc participates in the proliferative expansion of osteoblast 
progenitors (Zhou et al., 2011). Furthermore, FGF and WNT 
family members secreted from the ectoderm promote N-Myc 
expression in the mouse limb and consequent proliferation of 
the underlying mesenchyme lineages (ten Berge et al., 2008). 
Thus, newly generated undifferentiated cells cannot reach the 
most central part of the limb bud and are maintained in their 
undifferentiated state. When undifferentiated mesenchymal 
cells are far enough from the AER signals, they exit the 
cell cycle and commit to becoming Sox9-positive chondro-
osteoprogenitors (Akiyama et al., 2005). In addition, in the 
chick embryo has been demonstrated that the dorsal ectoderm 
releases a probable chondrogenesis inhibitory factor (WNT6), 
which restricts the formation of cartilage towards the central 
region of the limb. If the dorsal limb ectoderm is removed, 
chondrogenesis differentiation extends to the mesenchyme 
under the dorsal ectoderm, probably at the expense of tendon 
formation (Geetha-Loganathan et al., 2010).

Thus, in the appendicular skeleton, the commitment of 
mesenchymal cells to the chondrogenic and tenogenic lineages 
occurs when cells in the undifferentiated zone reach the 
differentiation front and leave the influence of the AER and 

ectodermal signals (Tabin and Wolpert, 2007). The details of 
the molecular basis of the maintenance and cell fate regulation 
of mesenchymal stem/progenitor cells in the limb have 
been elucidated. Kumar and Lassar demonstrated in mouse 
embryonic limb that Wnt signals irreversibly block the induction 
of chondrogenesis through CpG methylation and H3K27me3 
modification in the Sox9 promoter. In contrast, the FGF signal 
blocks the recruitment of the de novo methyltransferase DNMT3A 
to the Sox9 promoter, maintaining competence for eventual Sox9 
gene expression by blocking Wnt signals from inducing stable 
CpG methylation at the Sox9 locus. Thus, FGF signalling controls 
whether Sox9 expression is irreversibly or reversibly silenced 
by Wnt signals in limb bud undifferentiated mesenchymal 
cells (Kumar and Lassar, 2014). Furthermore, the arginine 
methyltransferase PMRT5 present in the DC/PFR is considered 
to promote the survival and proliferation of mesenchymal stem/
progenitor cells, thus maintaining the undifferentiated pool of 
progenitor cells and limiting cell differentiation in the distal tips 
of digital rays (Norrie et al., 2016). Moreover, the Notch pathway 
is active in mesenchymal stem/progenitor cells and inhibits their 
differentiation via upregulation of the transcription factor Twist1 
(Tian et al., 2015).

On the other hand, in chicks and mice, hypoxic environments 
and hypoxia-inducible factor 1 alpha (Hif1a) upregulation 
participate in the fate determination that initiates the Sox9-
positive chondrocyte lineage and represses the Runx2-positive 
osteoblast lineage and tenogenic differentiation (Salim et al., 
2004; Amarilio et al., 2007; Lorda-Diez et al., 2013). Furthermore, 
the initial low-level c-Myc expression in newly Sox9-positive cells 
has been proposed to promote the proliferation of these cells 
but maintain their multipotent progenitor character (Zhou et 
al., 2011). Ultimately, limb mesenchymal cells are definitively 
committed to cartilage or soft connective tissue lineages at the 
chick embryo 24HH stage (Searls and Janners, 1969).

Coordinated Regionalization and Differentiation of 
Limb Mesodermal Cells
It is known that limb patterning and cell differentiation occur in 
an orchestrated manner (Dudley et al., 2002; Sun et al., 2002). A 
detailed fate map for the limb bud of the chicken at stage 19HH 
demonstrates that only the distal undifferentiated mesenchyme 
is maintained in a non-regionalized condition and that each 
limb structure is likely to be regionalized in the proximal-to-
distal direction (Sato et al., 2007). Additionally, using KO mutant 
mice lacking different combinations of Fgf4, Fgf8, Fgf9, and 
Fgf17, it was demonstrated that AER-FGFs function as initial 
distal signals during the early stages of limb development, 
playing instructive roles in specifying distal domains for PD 
patterning and repressing Meis1 expression (Mariani et al., 
2008). Thus, the co-existence of two parallel mechanisms during 
limb PD patterning has been demonstrated: one based on MEIS, 
retinoic acid (RA), and FGF signalling and a second based on 
chromatin regulation that delays Hoxa13 activation to provide 
the time needed for the accumulation of sufficient precursors 
to ensure proper limb formation (Rosello-Diez et al., 2014). 
Hence, cells in the undifferentiated zone are constantly under the 
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influence of FGF signalling. Once undifferentiated cells cross the 
differentiation front, aside from committing to a chondrogenic 
lineage, they become sequentially specified as stylopod, 
zeugopod, and autopod cells due to increased RA signalling 
(Rosello-Diez et al., 2014). On that basis, undifferentiated cells 
interpret signals that lead them to differentiate while they acquire 
their identities from a specific segment of the limb.

Are Early Limb Mesodermal Cells Stem Cells?
The existence of a distal undifferentiated zone in the limb as a 
source of stem/progenitor cells has been well established. It has 
been clearly demonstrated in vitro and in vivo that mesenchymal 
cells at early stages of development are capable of differentiating 
into different limb lineages (Ahrens et al., 1977; Akiyama et al., 
2005; Marin-Llera and Chimal-Monroy, 2018), Even extra-
limb lineages belonging to ectodermal and endodermal germ 
layers have been obtained in vitro (Jiao et al., 2012). However, 
it remains unclear whether the mesenchyme is composed of 
a collection of distinct types of stem/progenitor cells with 
restricted differentiation potential or of a group of equipotential 
cells capable of giving rise to the same cell lineages. Using a 
library of retroviral vectors to trace the cellular fate and location 
of the progeny of individually marked single cells during limb 
development, Pearse II and collaborators demonstrated that 
subsets of multipotent cells that can give rise to between two 
and five different lineages (muscle connective tissue, tendon, 
dermis, perichondrium, and cartilage) are present in the limb 
mesenchyme. Their results showed that at the 19HH stage, cells 
are not specified to any lineage, and at least a subset of progenitor 
cells can generate five mature tissue types. Additionally, a 
progressive restriction of multipotency was observed through 
development. In that work, the authors concluded that cells 
in the early limb bud are not committed to individual fates, 
nor do they appear to be restricted to any particular PD 
segment along the length of the limb bud (Pearse et al., 2007). 
Although the multipotency of undifferentiated limb cells is 
clear, the signature of each type of subpopulation has not been 
determined, nor has it been determined whether the cells are 
multipotent stem cells. Detection of specific signatures of cell 
surface molecules, such as mesenchymal stromal cell-associated 
markers (MSCams), can enable the identification and study of 
distinct limb subpopulations at different developmental stages. 
In this sense, it has been demonstrated that few limb cells express 
different MSCams (Marin-Llera and Chimal-Monroy, 2018). 
Gretel Nusspaumer et al. traced the ontogeny and relationships 
of distinct mesenchymal stromal cell populations previously 
reported in the mouse limb and found that the PDGFRapos/CD51 
cell population is the largest population of progenitors, containing 
mouse skeletal stem cell (mSSC) (CD200pos, CD51pos, CD90neg, 
CD105neg, and 6C3neg) and PαS subpopulations. Additionally, 
in the PαS population (PDGFRapos, Sca1pos, CD45neg, and 
TER119neg), four subpopulations can be distinguished based 
on their potential to differentiate into cartilage (Nusspaumer et 
al., 2017). The use of mesenchymal stromal cell (MSC) surface 
markers enables the identification, isolation, and characterization 
of different types of cells in the limb; however, the expression of 
these molecules alone does not indicate stemness. In particular, 

when expression has been measured after culture, it has been 
demonstrated that cells from a variety of tissues acquire surface 
signatures or modify their surface signatures in vitro (Qian et al., 
2012; Lei et al., 2013; Guimaraes-Camboa et al., 2017; Marin-
Llera and Chimal-Monroy, 2018).

Despite the existing knowledge of the origins, maintenance, 
and cell fate regulation of stem/progenitor cells in the limb, their 
self-renewal capacity and the timing of cell fate decisions by 
undifferentiated cells in the context of the developing limb is 
still unclear.

Cartilage Commitment and Differentiation
Some of the important characteristics of skeletal development 
are that all skeletal elements are confined to specific locations 
with specific shapes and are present in defined numbers. 
The particular organization of the skeleton depends on its 
particular locomotor function for each species. However, the 
initial steps that drive chondrogenesis are conserved in many 
species of vertebrates.

Stem/precursor cells are committed to the chondrocyte 
lineage in the core of the limb. Ectoderm tissue releases signals 
that block cartilage differentiation in the margin of the early 
limb bud, restricting cartilage formation to the core of the 
limb mesenchyme (ten Berge et al., 2008; Cooper et al., 2011). 
Once chondrogenic signals are received and/or inhibitory 
signals are removed, mesenchymal cells begin to aggregate and 
differentiate into early chondrocytes, building the cartilage 
anlagen, proliferating and producing characteristic extracellular 
matrix (ECM; Figure 4A; Hall and Miyake, 1995). During this 
process, Wnt and FGF signals from the ectoderm control the 
expression of Sox9 through epigenetic modification (Kumar 
and Lassar, 2014).

First Steps of Chondrocyte and Osteoblast 
Commitment
As mentioned above, AER-FGF signals determine whether 
mesenchymal cells are responsive to chondrogenic signals 
by regulating epigenetic modifications in the Sox9 promoter 
(Kumar and Lassar, 2014). However, once Sox9 is expressed, 
there is evidence that functional and physical interactions occur 
between Sox9 and β-catenin during cartilage development. If an 
interaction occurs between the Sox9 C-terminus and β-catenin, 
the transcriptional activity of the β-catenin/Tcf-Lef complex is 
inhibited (Akiyama et al., 2004; Topol et al., 2009). Alternatively, 
translocation of the Sox9 and β-catenin complex into the nucleus 
is necessary and sufficient to induce β-catenin degradation 
(Topol et al., 2009).

The cellular recruitment of mesenchymal cells towards 
the chondrogenic lineage occurs in the undifferentiated zone 
beneath the AER (Figure 4B). The formation of precartilage 
condensations in the core of the limb depends on cell–cell and 
cell–ECM interactions. N-Cadherin and N-CAM are two cell 
adhesion molecules expressed during precartilage condensation 
formation. Blocking the function of these molecules prevents 
cell aggregation and subsequent cartilage differentiation in 
micromass cultures prepared from chicken limb precartilage 
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cells (Chuong et al., 1993; Widelitz et al., 1993; Oberlender and 
Tuan, 1994a, Oberlender and Tuan, 1994b). However, no limb 
phenotype has been reported in N-CAM knockout mice (Cremer 
et al., 1994). Regarding cell–ECM interactions, fibronectin and 
tenascin are ECM proteins expressed during the formation of 
precartilage condensations (Hall and Miyake, 1995). Similarly, 
blocking the function of fibronectin with a specific antibody for 
exon IIIA of fibronectin (Gehris et al., 1997) or with an antibody 
directed against the 29 kDa amino-terminal heparin-binding 
domain of fibronectin and the oligopeptide gly-arg-gly impedes 
the formation of pre-cartilage condensations (Frenz et al., 1989). 
Interestingly, blocking the function of β1 integrins inhibits cell 
aggregation and thus impedes cartilage differentiation, at least 
in vitro (Shakibaei, 1998).

However, the condensing mesenchyme in the limb bud shows 
a bi-potential character, as it is able to differentiate into both 
chondrogenic and osteogenic lineages. As mentioned above, 
the chondrogenic lineage is characterized by the expression of 
Sox9, whereas the osteogenic lineage is characterized by the 
expression of Runx2. The activation of Wnt/β-catenin signalling 
is involved in controlling the decision to become osteoblasts or 
chondrocytes in non-committed cells in the undifferentiated 
region (Hill et al., 2005). Conditional deletion of β-catenin in 
the limb mesenchyme results in ectopic cartilage differentiation 
at the expense of osteoblast differentiation (Akiyama et al., 
2005; Day et al., 2005;  Hill et al., 2005). Similarly, inhibition 
of Runx2 results in the inhibition of osteogenesis but not 
chondrogenesis. Thus, during direct ossification processes, such 
as intramembranous ossification, Wnt/β-catenin signalling is 
active; Sox9 expression is downregulated; and Runx2 expression 
is activated. In contrast to Runx2, deletion of the Sox9 gene before 
chondrocyte commitment results in the complete inhibition of 
skeletal element formation (Akiyama et al., 2002). Thus, during 
the formation of long skeletal bones, Wnt/β-catenin signalling 
is inhibited such that Sox9 expression is upregulated. In this 
context, condensing pre-cartilage cells exit the cell cycle and 

express Hif1a, and a hypoxic environment is created. At the same 
time, hypoxia inhibits osteogenic and tenogenic differentiation, 
but the chondrogenic lineage avoids this inhibition because of 
the upregulation of Sox9 by Hif1α (Salim et al., 2004).

Chondrogenesis During Digit Formation
During digit formation in chicken embryos, chondrogenic 
differentiation begins when the TGFβ/activin signalling pathway 
directs the pool of mesenchymal precursor cells in the DC/
PFR region to a cartilage fate by inducing Sox9 and Bmpr1b 
expression (Montero et al., 2008). Activin/Tgfβ expression is 
restricted to the earliest chondrogenic condensations of the 
growing tips of digits until the last phalanx is formed but is not 
observed in cellular condensations of proximal skeletal elements. 
In contrast, Activin βB transcripts are observed only in the initial 
stages of digit formation. The expression of activin receptor II, 
ActRIIb, is intense in the precursor cells surrounding the distal 
tip of the digit. In addition, Tgfβ2 expression is observed at 
stage 29 during the formation of growing digits (Merino et al., 
1998). In contrast to chick embryos, single mouse mutants for 
Tgfβ1, Tgfβ2, and Tgfβ3 do not exhibit digit abnormalities that 
suggest any participation of these genes in digit development. 
Nevertheless, severe syndactyly is observed in double knockout 
animals for Tgfβ2 and Tgfβ3 (Shull et al., 1992; Kaartinen et al., 
1995; Dunker et al., 2002). Moreover, Activin- or Follistatin-
deficient mice show no digit phenotype (Matzuk et al., 1995a; 
Matzuk et al., 1995b; Matzuk et al., 1995c).

During digit development, it has been shown that non-
canonical Wnt signalling through Wnt5a occurs at higher 
levels than Wnt/β-catenin signalling in the distal tips of mouse 
limb buds. In Wnt5a-/- animals, chondrocyte differentiation 
is constrained because the levels of β-catenin are elevated, 
inhibiting Sox9 expression; however, inhibition of β-catenin 
partially rescues chondrocyte differentiation (Topol et al., 
2003). These results suggest that Wnt5a signalling promotes 
cartilage differentiation by inhibiting the antagonistic effect 

FIGURE 4 | Chondrogenesis starts when the limb mesenchymal cells leave the influence of the AER-FGFs signalling. (A). Histological section of a silver-
stained 28-HH chicken digit showing a cartilage condensation. (B). In situ hybridization for Sox9 (a,c) and blood vessel cell-tracker staining (b,d) in chicken 
hindlimbs at 25HH and 29HH stages. Noticed that cartilage differentiation is accompanied by vascular regression. Avascular zones can be observed at the 
later stage in the digits.

92

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


Skeletal Stem Cells and Fate DecisionsMarín-Llera et al.

8 October 2019 | Volume 10 | Article 977Frontiers in Genetics | www.frontiersin.org

of Wnt/β-catenin signalling (Topol et al., 2003). On the other 
hand, the antichondrogenic Sox trio (Sox4, Sox11, and Sox12) 
cooperates to stabilize the β-catenin protein and replace 
Sox9 in the Sox9-β-catenin complex (Bhattaram et al., 2014). 
The antichondrogenic Sox trio also inhibits the activity of 
GSK3β, preventing the formation of degradation complexes. 
Interestingly, Wnt antagonists such as Frzb1 are expressed 
during chondrogenesis in skeletal elements (Wada et al., 
1999), and misexpression of Frzb1 in the developing limbs of 
chick embryos maintains chondrocytes at the initial stages of 
differentiation; they do not begin chondrocyte maturation. Thus, 
the skeletal elements are short with no endochondral ossification 
or joint fusion (Enomoto-Iwamoto et al., 2002), suggesting that 
these antagonists protect cartilage from the inhibitory effects of 
Wnt/β-catenin signalling on Sox9 expression. However, in Frzb-
knockout mice, no defects in early skeletogenesis are observed 
(Lories et al., 2007).

It has been shown that TGFβ and activin can induce extra 
digit formation during development (Ganan et al., 1996). The 
experimental model of ectopic digit formation induced by 
activin/TGFβ in interdigital tissue in chicken embryos is an 
excellent chondrogenesis model with which to elucidate the 
early molecular cascade that leads to cartilage differentiation 
in vivo (Chimal-Monroy et al., 2003). This model shows that 
the expression of Sox9 is induced immediately after TGFβ 
treatment and that the expression of Smad6 and Bambi [bone 
morphogenetic protein (BMP) antagonists] is also inhibited, 
favouring the receptivity of precartilage cells to BMP/
SMAD1/5/8 signalling. BMP signalling plays an important 
role in prechondrogenic condensation and chondrogenic 
differentiation during digit formation (Pizette and Niswander, 
2000; Barna and Niswander, 2007). Although, it is thought that 
the onset of chondrogenesis depends on BMP signalling, double 
mutant mice for Bmp2 and Bmp4 display skeletal malformations 
in the stylopod and the zeugopod, and in this region, one 
skeletal element is missing, whereas in the autopod, the size of 
the skeletal elements is reduced, and the two posterior-most 
digits are absent. Thus, although some skeletal elements are lost 
in the absence of Bmp2 and Bmp4, chondrogenic differentiation 
continues normally in the other condensations that are formed. 
The skeletal defects present in double mutant mice for Bmp2 and 
Bmp7 are less severe than those observed in double mutant mice 
for Bmp2 and Bmp4. However, skeletal differentiation is normal 
(Bandyopadhyay et al., 2006).

Treatment of digit primordia in the DC/PFR region with 
different BMP proteins promotes expansion of cartilage at the 
digit tips in the chick limb (Macias et al., 1997; Merino et al., 
1999a). In contrast, treatment with BMP antagonists such as 
Noggin and Gremlin results in digit truncation (Merino et al., 
1999b). These results suggest that BMP plays an important role 
in the control of digit formation at two levels, first promoting 
cartilage condensation and second promoting chondrogenic 
differentiation. Nevertheless in the experimental model of 
ectopic digit formation, TGFβ but not BMP treatment induces 
the molecular cascade of chondrogenesis, and Bmpr1b is 
induced after 6 h of TGFβ treatment. BMP treatment induces 
cell death in the interdigital tissue, while treatment with BMP 

antagonists inhibits cell death (Chimal-Monroy et al., 2003). 
However, if BMP protein is implanted after 6 h of TGFβ 
treatment, coinciding with the time of Bmpr1b expression, BMP 
enhances chondrogenesis, promoting cartilage condensation 
and Sox9 expression (Chimal-Monroy et al., 2003). Thus, it 
is possible that during digit development, BMP may act as a 
permissive signal. In addition, it is known that BMP signalling 
promotes the compaction of prechondrogenic cells during cell 
condensation (Barna and Niswander, 2007). This compaction 
promotes cohesive cell behaviour in mesenchymal cells to 
delineate the boundaries and sizes of cartilage elements. 
During the formation of digit primordia, the expression 
of the Iroquois (Irx) genes Irx1 and Irx2 is detectable at the 
boundaries of skeletal condensations and non-cartilage tissue 
(Diaz-Hernandez et al., 2013). It has been suggested that 
this expression may reflect the range of diffusion of TGFβ at 
growing digits to promote chondrogenesis, and IRX proteins 
might allow the formation of the prospective perichondrium 
by repressing the expression of genes involved in the cell death 
process (Diaz-Hernandez et al., 2013). A similar function 
has been suggested for SoxC genes, which may specify the 
fates of perichondrium and joint cells through a β-catenin-
independent mechanism (Bhattaram et al., 2014).

The Earliest Molecular Steps of Chondrogenic 
Specification
Recently, on the basis of the molecular cascade for chondrogenesis 
induced in the experimental model of ectopic digit formation, it 
was established that three consecutive periods precede cartilage 
formation (Lorda-Diez et al., 2011). The first corresponds to the 
first three hours and is a pre-condensation stage characterized 
by the upregulated expression of Sox9, Scleraxis, Ephrin A5, 
and Bigh3, which are important regulators of cell adhesion. The 
functions of these molecules, together with cell morphology 
controlled by the actin cytoskeleton, are very important for 
chondrogenesis, as demonstrated by the fact that co-treatment 
with cytochalasin D inhibits chondrogenesis induced by TGFβ. 
Interestingly, new early molecular markers, the matricellular 
proteins CCN1 and CCN2, have been discovered. They are 
expressed very early at the same time as Sox9, but they are unable 
to induce chondrogenesis; instead, they induce the expression of 
Tenascin-C. On this basis, the commitment of stem/precursor 
cells to the chondrocyte lineage occurs in this period. Thus we 
suggest that it should be named the commitment stage, as the 
master gene Sox9 is expressed as early as 30 min, triggering 
gene regulatory networks that control the correct positioning 
of all skeletal elements in time and space. The second period is 
named the condensation stage, which corresponds to the period 
in which committed cells initiate the process of mesenchymal 
condensation. In this phase, the expression of cell–cell adhesion 
(N-Cam) and cell–ECM (Tenascin C, alpha 5 integrin) genes is 
increased, as is that of Activin βA and other transcription factors. 
The third period, named the precartilage period, is characterized 
by the upregulation of genes expressed in the previous period in 
addition to other genes, such as ECM genes and transcription 
factors (Figure 4A). In particular, the expression of Sox9 is 
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several times higher in this stage than in the previous periods. 
It is possible that this increase allows the commencement of 
molecular network control to regulate the expression of genes 
involved in the establishment of the cartilage phenotype (Lorda-
Diez et al., 2011).

Altogether, Sox9 is very important for the control of cell fate 
decisions, i.e., the commitment of mesenchymal stem/precursor 
cells to the cartilage lineage. As mentioned above, cartilage 
differentiation continues after Sox9 is expressed in mesenchymal 
cells (Figure 4B), promoting cell aggregation and the expression 
of cartilage-specific proteins such as type II collagen, aggrecan, 
and sulphated proteoglycans. Additionally, in the absence of 
Sox9 or after deletion of its expression in prechondrogenic 
mesenchyme, cartilage differentiation is inhibited, preventing 
the formation of skeletal elements. Massive cell death rather 
than cartilage differentiation is observed in Sox9 mutant 
mice, suggesting that undifferentiated mesenchymal cells are 
committed to differentiation or to cell death depending on their 
positions inside the limb (Akiyama et al., 2002). Misexpression of 
Sox9 induces extra digit formation in developing limb buds and 
attenuates hypodactyly caused by a Hoxa13 mutation (Akiyama 
et al., 2007). Sox9 expression in mesenchymal progenitors 
precedes chondrogenesis and increases at the onset of Sox5 and 
Sox6 expression in early chondrocytes (Lefebvre, 2019).

In summary, the programme of cartilage differentiation starts 
once Sox9 is expressed and then cell aggregations are established 
to preconfigure skeletal elements; these aggregations give rise to 
skeletal elements shaped by proliferating chondrocytes. The early 
chondrocytes proliferate and secrete ECM composed mainly of 
collagen type II, aggrecan, and link protein. During the early 
stages of precursor mesenchymal cell condensation, vascular 
regression occurs in the mesenchyme of developing limbs 
(Figure 4B; Hallmann et al., 1987). This vascular regression 
induces reductions in oxygen levels. Under such hypoxic 
microenvironments, Hif1a is expressed. Hif1a expression is 
considered an important factor promoting the expression of Sox9 
and other factors that enable chondrocytes to adapt to hypoxic 
conditions (Amarilio et al., 2007). Furthermore, expression of 
Sox9 in precartilage condensations also regulates angiogenic 
patterning (Eshkar-Oren et al., 2009). The expression of the 
chondrogenic SOX trio genes (Sox9, Sox5, and Sox6) controls 
cell cycle progression in the proliferating chondrocytes of the 
central regions of cartilage elements (Akiyama et al., 2002). 
Thus, the expression of Sox9, Sox5, and Sox6 are implicated in 
the maintenance of the cartilage phenotype. In contrast, Dy 
et  al. demonstrated that Sox9 is also required to activate cartilage 
hypertrophy (Dy et al., 2012).

The orchestrated regulation of the molecular network that 
controls the differentiation of cartilage leads to the establishment 
of embryonic skeletal elements, subsequently initiating the 
maturation process leading to cartilage hypertrophy and thus to 
elongation of the skeletal elements.

Establishment of the Synovial Joints
Functional joints require the coordinated expression of many 
molecules that participate in the joint commitment and 

differentiation of cartilage, bone, meniscus, and other tissues. 
During normal limb development, the process of joint formation 
occurs concomitantly with the formation of the cartilage anlagen. 
Diarthrodial or synovial joints, such as the phalange, knee, and 
elbow joints, result from segmentation of continuous skeletal 
elements into individualized skeletal structures.

The first evidence of joint development is the formation of 
the interzone (IZ), a specific region of higher cell density that 
forms where chondrocytes flatten and become fibroblastic tissue 
(Figure 5). During the establishment of the IZ, differentiation of 
the articular cartilage occurs, and separation of the two skeletal 
elements later occurs by a process named cavitation, thereby 
forming the joint capsule. It has been demonstrated that the 
most important process for joint establishment is the formation 
of the IZ. Holder (1977) and later Rux et al. (2019) found that 
joint formation is inhibited after removal of the IZ, resulting in a 
lack of segmented skeletal elements.

The formation of the IZ begins at the site of the future joint, 
establishing the boundary between two prospective individual 
skeletal elements. The flattened, fibroblastic-like cells of the IZ 
evolve into three cellular layers: one central intermediate lamina 
with low cell density flanked by two areas of high cell density. 
The two areas of high density differentiate into articular cartilage 
covering the articulating surfaces at either end of the future joint. 
In the case of the future knee, the central layer gives rise to the 
internal elements of the joint: the synovial tissue, menisci, and 
joint ligaments. The joint capsule arises from the mesenchymal 
sheath surrounding the entire IZ (Figure 5; Rux et al., 2019). In 
addition, many studies have been demonstrated that movement 
and mechanical forces are important to joint development and its 
maintenance (Drachman and Sokoloff, 1966; Kahn et al., 2009; 
Felsenthal and Zelzer, 2017).

Molecular Scenario to Trigger Joint Development
Each mature skeletal element is organized with a diaphysis in 
the central portion and an epiphysis at each end. The epiphysis 
is the region resulting from joint formation. The newly formed 
individual embryonic skeletal element continues to grow; 
remodelling of the cartilaginous template into bone occurs in 
the diaphysis, in which proliferating chondrocytes become pre-
hypertrophic and then hypertrophic, initiating the process of 
endochondral ossification.

Thus, a pivotal process in joint induction is the signalling 
of proliferating chondrocytes to begin the programme of 
joint formation while stopping the programme of cartilage 
differentiation, preventing endochondral ossification 
(Garciadiego-Cazares et al., 2004). At the molecular level, 
cells of joint IZs begin to express different members of the 
Wnt gene family, such as Wnt4, Wnt9a, and Wnt16 (Guo et al., 
2004). Signalling by Wnt9a and Wnt16 involves the activation 
of β-catenin. Wnt9a and β-catenin misexpression trigger a 
molecular cascade of joint marker expression at chondrogenic 
sites but may not induce true ectopic joints (Hartmann and 
Tabin, 2001; Guo et al., 2004). In mice lacking β-catenin in 
the entire limb mesenchyme the onset of Gdf5 expression and 
other joint markers is not affected. Yet, no true joints are formed 
as type II collagen expression is not down-regulated (Spater 
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et al., 2006a). Similarly, joint fusion defects are observed upon 
deletion of β-catenin in type II collagen expressing cells (Guo 
et al., 2004). Furthermore, joint initiation is not affected by the 
single or combined loss of two of the Wnt ligands, Wnt9a and 
Wnt4, expressed in the joint interzone, yet, their loss leads to 
ectopic chondrocyte differentiation in joint structures (Spater 
et al., 2006b). Together, these observations suggest that Wnt/β-
catenin signalling is not necessary for the initiation of the joints 
but for their subsequent maintenance. Kan and Tabin (2013) 
demonstrated that c-Jun is expressed in prospective joints in 
a similar manner as Wnt9a and Gdf5. Interestingly, the active 
form of c-Jun is observed during joint development, and its 
expression and activity coincide with Wnt9a expression in 
the IZ region. In addition, c-Jun binds directly to the Wnt9a 
promoter, activating its expression. In mice lacking c-Jun in the 
mesenchyme of the early limb bud, mainly interphalangeal joint 
initiation and successive programmes of joint differentiation are 
inhibited, although other joints are also affected. The formation 
of many synovial joints in the appendicular skeleton is inhibited 
because the joint IZ is disrupted; it has also been found that 
c-Jun is involved in postnatal joint maturation. Inhibition of 
the expression of Wnt9a/Wnt16 results in continuous skeletal 
elements that never form an IZ. However, it is important 
to establish that although Wnt/β-catenin signalling occurs 
very early in the joint IZ, it is not necessary for early joint 
formation; moreover, it is regulated downstream by c-Jun. 
Therefore, it is possible to speculate the existence of a process of 
de-differentiation of proliferating chondrocytes that, if controlled 
by Wnt/β-catenin, is subordinate to IZ specification. In addition, 

there is no evidence regarding whether these de-differentiated 
cells are joint stem cells. Although c-Jun induces commitment 
according to the molecular cascade of joint formation, it is 
possible that some proliferating chondrocytes are converted into 
joint stem cells through c-Jun activation (Kan and Tabin, 2013).

While Wnt9a commits the joint IZ, Sox9 expression continues 
in proliferating chondrocytes, but matrillin-1 expression is 
inhibited (Hyde et al., 2007). Therefore, it is possible that 
Wnt/β-catenin signalling, once activated by c-Jun, regulates 
the continued differentiation of chondrocytes to prevent 
endochondral ossification promoting joint formation. It was 
mentioned above that Sox9 physically interacts with β-catenin 
during cartilage development. Thus, it is probable that during 
joint IZ formation, the ratio of Sox9 to β-catenin may lead to 
the induction of the molecular cascade to prevent chondrocytes 
from undergoing endochondral ossification. However, the 
effects of c-Jun regarding joint formation are restricted to 
interphalangeal joint initiation. Similar results have been found 
in the mice lacking the TGF-β type II receptor gene (TGFβ; 
Spagnoli et al., 2007).

The molecular cascade of joint formation indicates that 
members of the BMP family, such as Gdf5, Gdf6, Bmp7, and 
Bmp2 (Francis-West et al., 1999a; Merino et al., 1999a; Francis-
West et al., 1999b; Storm and Kingsley, 1999) are expressed in the 
IZ. Overexpression of BMPs expands the cartilage differentiation 
zone and inhibits joint formation (Duprez et al., 1996; Brunet 
et al., 1998; Storm and Kingsley, 1999), while, loss of noggin 
affects all joints (Brunet et al., 1998; Tylzanowski et al., 2006). In 
contrast, single mutations in humans or single or double KO of 

FIGURE 5 | Synovial joint formation. (A) 31HH chick hindlimb showing an in situ hybridization for Gdf5. (B) Alcian blue staining of a developing digit of a turtle 
embryo. Notice lack of staining in the interphalangeal zone (arrowhead). (C) An early developing joint stained with Safranin O of a E13.5 mouse embryo showing the 
interzone (asterisk). Subpopulations from this area give rise to the different tissues of the joint. (D) A sagittal section of a knee-joint of a newborn mouse stained with 
phalloidin showing the different tissues of the joint; articular cartilage (ac), cruciate ligaments (cl), cells that will give rise to the infrapatellar pad (ip), patella (p), and 
patellar ligament (pl). Joint cavity is indicated with an asterisk.
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Gdf5 or Gdf6 in mice results in joint fusion (Settle et al., 2003). 
However, despite the specific expression of BMP family members 
in developing joints, these molecules are not involved in the 
induction of the IZ or in the formation of ectopic joints. On this 
basis, many studies have focused on determining the progeny of 
IZ cells. Using the reporter mouse line Gdf5-Cre;R26R-LacZ to 
map the fates of these cells and other studies have determined 
that the joint IZ is formed by Sox9+ and Matrillin-1, Gdf5+ cells 
and that they are present in the articular cartilage, meniscus, 
and synovial lining. These results might suggest that Gdf5+-
descendent cells from the IZ become different progenitor cells 
that will differentiate into the tissues that compose the mature 
joint, such as the articular cartilage, meniscus, synovial lining, 
and joint capsule (Koyama et al., 2008).

However, a recent study (Shwartz et al., 2016) suggests 
a distinct model in which there is a constant inflow of new 
GDF5+ cells that are recruited into different joint cell lineages, 
demonstrating that cells from various joint tissues originate from 
GDF5+ interzone cells. In the knee, GDF5+ cells are observed 
in the epiphysis, articular cartilage, meniscus, and intra-articular 
ligaments, and they are recruited at different developmental stages 
of joint formation. The elbow and metacarpophalangeal joints 
show a similar trend, but they differ in the time in which GDF5+ 
cells contribute to specific tissues. Thus, joint development 
involves constant recruitment of new Gdf5-positive cells derived 
from Sox9+ chondroprogenitors (Sox9+/GDF5-), and they 
must presumably express Sox5 and Sox6, since the deletion of 
both genes in chondrocytes results in a joint morphogenesis 
block, but if Sox5 and Sox6 inactivation occurs in GDF5+ cells, 
it results in milder joint defects and normal growth plates (Dy 
et al., 2010). In addition, it has been found that Tgfbr2+ cells 
are present within specific niches throughout embryonic life to 
early adulthood. They express markers of joint progenitors such 
as Gfg5 and Noggin (Li et al., 2013). However, it is unknown 
if they represent cells that originate from or give rise to Sox9+ 
Gdf5- chondroprogenitors.

On the other hand, it has been proposed in a previous 
study that whether proliferating chondrocytes enter the joint 
formation, or the endochondral ossification programme 
depends on the presence or absence of α5β1 integrin 
(Garciadiego-Cazares et al., 2004). In that work, it was 
shown that cell–ECM interactions are important during joint 
formation and cartilage differentiation. The study demonstrated 
that inhibition of α5β1 integrin signalling was necessary for 
joint formation. Inhibition of the function of α5 or β1 integrin 
with specific neutralizing antibodies or arginine-glycine-
aspartic acid (RGD)-blocking peptides in forelimb organ 
cultures resulted in the formation of an ectopic joint. This 
was a consequence of inhibition of endochondral ossification. 
During the formation of ectopic joints, the molecular cascade 
of joint formation is triggered by the disruption of proliferating 
chondrocyte–ECM interactions mediated by α5β1 integrin. 
Wnt9a, Gdf5, chordin, autotaxin, type I collagen, and CD44 are 
expressed in ectopic joints, whereas Indian hedgehog (IHH) 
and type II collagen are downregulated. As mentioned above, 
BMP signalling potentiates chondrogenesis and inhibits joint 
formation, but after inhibition of α5β1 integrin, BMP signalling 

improves joint formation (Garciadiego-Cazares et al., 2004). 
These data strongly suggest that once the molecular cascade 
of joint formation is initiated, BMP signalling contributes to 
joint formation. As mentioned by Attila Aszodi and his group 
(Docheva et al., 2014), “although this hypothesis is clearly 
attractive, genetic experiments with conditional knockout 
mice did not support a mechanistic role α5β1-mediated 
matrix attachments in joint morphogenesis”. However, the β1 
integrin allele was floxed under the Col2a1-cre or Prx1-cre 
promoter in transgenic mice. Thus, an inducible β1 integrin 
or α5 integrin allele under the Col2a1-cre promoter may give 
a better response.

In conclusion, the formation of the IZ is an excellent model 
with which to study the mechanisms that control the appearance 
of joint stem/progenitor cells during development. Until now, it 
has remained unknown if the IZ appears and then the joint stem/
progenitor cells migrate or dedifferentiate from other sources 
or if the stem/progenitor joint cells determine IZ formation. It 
is possible that new microenvironments for IZ formation are 
created during the establishment of the joint IZ within a source/
reservoir of joint stem/progenitor cells that will ultimately form 
the distinct tissues of mature joints, such as the articular cartilage, 
meniscus, synovial lining, and joint capsule.

Stem Cell Renewal and Cell Differentiation 
During Endochondral Ossification
Endochondral ossification programme initiates in the centres of the 
skeletal elements. This process is characterized by the replacement 
of cartilaginous templates with bone. In the peripheries of the 
skeletal elements, flattened cells differentiate into perichondrial 
cells. Proliferative chondrocytes differentiate into permanent 
articular cartilage at the end of the skeletal elements giving rise 
to zone I chondrocytes that are round or slow-proliferative. In 
the centres of long bones are the proliferating chondrocytes 
or Zone II chondrocytes, which exhibit flat morphology and 
are organized in parallel columns. At the centres of skeletal 
elements, proliferating chondrocytes undergo differentiation to 
form first prehypertrophic and then hypertrophic chondrocytes. 
Surrounding the newly formed skeletal elements, there is a thin 
layer of mesenchymal cells that will form the perichondrium; 
when ossification begins, this layer will form the periosteum 
(Figure 6). During this process, environmental conditions change 
to support vascular invasion, and periosteal cells invade the zone 
of hypertrophic cells to begin bone formation (Kozhemyakina 
et al., 2015). The same process of endochondral ossification is 
recapitulated during the formation of growth plates in infants. 
These structures are formed through secondary ossification, so 
they are localized between the primary ossification centre and 
the newly formed ossification centre (Figure 6). Notably, the 
proliferative activity of resting chondrocytes in the growth plates 
of bones during embryonic and foetal development is higher than 
that during puberty. Then, proliferating chondrocytes become 
prehypertrophic and undergo hypertrophy and mineralization. 
This coordinated process enables longitudinal growth in both 
embryonic and postnatal skeletal elements (Karsenty and Wagner, 
2002; Kozhemyakina et al., 2015).
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Early Endochondral Ossification: From Proliferative 
to Hypertrophic Chondrocytes
A pivotal point of control for the growth of skeletal elements is the 
transition of resting chondrocytes into proliferating chondrocytes 
followed by the differentiation of these cells into hypertrophic 
chondrocytes. The mechanism by which signalling molecules 
control cell proliferation and differentiation involves key intracellular 
regulatory factors, including cell cycle regulators and transcription 
factors. Proliferating chondrocytes exit the cell cycle through the 
activity of the cyclin-dependent kinase (CDK) inhibitors p21, 
p57Kip2, p107, and p130 (Rossi et al., 2002; MacLean et al., 2004; 
Goldring and Marcu, 2009). Similar to the case during the onset of 
cartilage differentiation, the proliferating chondrocytes still express 
Sox9, which together with Sox-5 and Sox-6 maintain the cartilage 
in a proliferative stage (Ikeda et al., 2004; Kim et al., 2011). This 
transcription factor regulates the expression of ECM cartilage genes 
such as collagens (types 2, 9, and 11) and proteoglycans (aggrecan) 
(Bi et al., 1999). Hypertrophic differentiation depends on Runx-2, 
which directs collagen 10a1 (Col10a1) and matrix metalloproteinase 
13 (Mmp13) expression (Takeda et al., 2001). It is well known that 
during this process, Runx-2 inhibits Sox-9 function, and Col2a1 
and aggrecan are consequently downregulated (Zhou et al., 2006). 
In contrast, conditional Sox9 or Sox trio (Sox9, Sox5, and Sox6) 

overexpression delays or inhibits hypertrophic differentiation 
(Ikeda et al., 2004; Kim et al., 2011), respectively.

With regard to the transition from chondrocyte proliferation 
to differentiation, two signalling molecules, parathyroid-related 
protein (PthrP) and IHH, interact in a negative feedback loop to 
regulate the onset of hypertrophic differentiation (Vortkamp et al., 
1996). PthrP is expressed in the perichondrium, while its receptor, 
Ppr, is expressed in proliferative chondrocytes (Amizuka et al., 
1994; Karaplis et al., 1994) and promotes chondrocyte proliferation 
(Lanske et al., 1996). IHH is expressed in prehypertrophic 
chondrocytes and binds to its receptor Patched, which is also 
expressed in chondrocytes and perichondral cells (Tavella et al., 
2004). Activation of the IHH pathway induces PthrP expression 
in perichondral cells, promoting the proliferation of chondrocytes 
(Vortkamp et al., 1996). Cartilage hypertrophic differentiation 
begins when the proliferating chondrocytes are sufficiently far from 
the source of PTHrP. The cells stop proliferating and, then the site 
at which chondrocytes differentiate into hypertrophic cartilage is 
established. Then, IHH is expressed together with type X collagen, 
which is characteristic of hypertrophic cartilage. However, IHH 
is only expressed in early hypertrophic chondrocytes. In this 
process, other signalling molecules are involved, such as Wnt, 
FGF, and BMP (Kozhemyakina et al., 2015).

FIGURE 6 | Skeletal stem cells during endochondral ossification. (A) Longitudinal section of an E18.5 mouse tibia stained with Safranin O. Zone I, zone II, and the 
zone of hypertrophic chondrocytes are represented. Zone I corresponds to the entire epiphysis and contains differentiated chondrocytes that in this stage are all 
proliferative and originates the articular cartilage. Zone II corresponds to cells, originated from zone I, organized in parallel columns. (B) Growth plate of 6-weeks-old 
rat. In the juvenile stage, chondrocytes from the resting zone (arrowheads) behave as stem cells giving rise to different clones disposed in a column, that contributes 
to the longitudinal growth of the skeletal elements. In foetal, neonatal, and juvenile stages columns extend up to the primary spongiosa (ps).
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The Growth Plate Formation
As the first ossification centre enlarges, the secondary 
ossification centre is established in the epiphyses (proximal 
or distal) of long bones. Here, chondrocytes stop proliferation 
and undergo hypertrophy, attracting blood vessel invasion. 
Between primary and secondary ossification centres, growth 
chondrocytes continue to proliferate, forming a distinct plate 
of cells known as the growth plate. At the top of the growth 
plate, the proliferation rate of round chondrocytes slows, 
and these cells are then referred to as resting chondrocytes 
(Kronenberg, 2003). In humans, secondary ossification 
centres form during late embryogenesis, while in the mouse 
they are formed during early postnatal development P7–
P15. In these structures, cell differentiation is active and is 
responsible for the growth of long bones, while in the articular 
cartilage, the rates of proliferation and differentiation are 
severely reduced (Kozhemyakina et al., 2015).

During foetal and neonatal endochondral ossification, resting 
chondrocytes with rounded morphology behave like stem 
cells, while proliferating chondrocytes behave like transient 
amplifying cells. Research using clonal genetic tracing with 
multicolour reporters or Pthrp-mCherry knock-in reporter 
alleles has demonstrated that cells of the resting zone give rise to 
flat chondrocytes of the proliferating zone and to hypertrophic 
chondrocytes by clonogenic division (Mizuhashi et al., 2018; 
Newton et al., 2019). The findings suggest that the cells of the 
resting zone give rise to all the cells clonogenically. However, the 
cells in the resting zone become depleted, and bone growth in 
the first ossification centre does not continue. Then, the supply 
of proliferating and hypertrophic chondrocytes ceases. Once 
the secondary ossification centre begins to form, the growth 
plate is established. Here, among resting chondrocytes, some 
Pthrp-mCherry cells behave like stem cells. They acquire the 
capacity for self-renewal, resulting in the formation of entire 
monoclonal columns of chondrocytes from the resting zone to 
the hypertrophic zone. In these niches, the skeletal stem cells 
begin to express stem cell markers and to undergo symmetric cell 
division, thus renewing the population of stem cells (Mizuhashi 
et al., 2018; Newton et al., 2019).

The control of both self-renewal and cell differentiation of 
skeletal stem cells is important for maintaining the pool of these 
cells. These processes are associated with determination of stem 
cell proliferation and stem cell identity. Hedgehog signalling and 
Pthrp signalling are both involved in promoting self-renewal and 
cell proliferation. Pthrp-mCherry cells are less proliferative than 
proliferating chondrocytes and are present in the growth plate 
in the CD45neg cell population (Chan et al., 2018; Mizuhashi 
et al., 2018). In the growth plate, activation of the IHH pathway 
induces PthrP expression in resting cells. Inhibition of hedgehog 
signalling reduces the clonal size of chondrocytes in the resting 
region but does not cause premature hypertrophy of the 
cartilage. This suggests that IHH controls the proliferation of 
skeletal stem cells (Newton et al., 2019). On the other hand, it has 
been reported that activation of mTORC1 (Newton et al., 2018) 
controls the organization of the resting zone without affecting 

cell proliferation. Activation of this signalling pathway regulates 
stem cell renewal because it controls the transition of skeletal 
stem cell division from asymmetric to symmetric.

Concluding Remarks
Our understanding of skeletal development has grown 
considerably in recent years. From the perspective of 
developmental biology, we have deep knowledge of the molecular 
mechanisms that control the shaping and positioning of cartilage 
and bone primordia during embryonic development. The use of 
genetic and molecular approaches together with experimental 
manipulation of embryos in vivo has favoured exploration 
of the requirements for particular genes at early stages during 
the commitment of mesenchymal cells. Such approaches have 
also allowed researchers to elucidate how committed cells are 
organized in space and time to produce three-dimensional 
skeletal organization and to drive morphogenesis and patterning. 
This knowledge is of great interest in disciplines such as the study 
of skeletal malformations and particularly in newly emerging 
fields such as regenerative medicine. However, this progress 
presents new challenges, such as how to use this information 
to rebuild damaged tissues. The rapid expansion of stem cell 
research has allowed us to understand how stem cells acquire 
different cell fates during development and how these cells can 
contribute to the formation of damaged tissues or regenerate 
them in vitro. Knowledge of stem cells provides indications/
clues about how to activate the endogenous programme of cell 
differentiation to a correct fate and the creation of organoids 
in non-regenerative tissues. On the other hand, progress in 
the design of appropriate materials for controlling cell fate 
behaviour and or mimicking the ECM has generated advances 
in regenerative medicine but has not necessarily achieved 
the recapitulation of in vivo development. This is especially 
important in transplantation because the response of the newly 
delivered cells to their new environment is usually unknown. 
Complications with currently used materials, the control of 
factor release kinetics, and the vascularization and innervation of 
the tissue to allow graft survival and function persist. To promote 
the tissue regeneration of a whole limb (or any other limb tissue) 
via regenerative medicine, it will first be necessary to obtain a 
deeper understanding of the cellular mechanisms that regulate 
the microenvironment, the expression of morphogens, and the 
activation of signalling pathways in appropriate sites and cells, 
without ignoring how and what types of signals regulate the 
early cell fate decisions of the stem/progenitor limb cells. Thus, 
to repair or regenerate a tissue or structure in a whole limb, the 
translation of basic research discoveries to clinical applications 
must be considered.

Concerning developmental biology, knowledge regarding 
stem/progenitor cells and their interactions with their 
microenvironment in vivo is pivotal to understanding how 
mesenchymal cells sequentially undergo developmental 
commitment during skeletogenesis, transforming from 
mesenchymal cells to cartilage/bone cells; from cartilage cells 
to joint cells; from joint cells to articular cartilage, meniscus, 
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synovial lining, and joint capsule cells; and from cartilage 
cells to bone cells during endochondral ossification. A main 
question associated with the study of skeletal development is 
whether all skeletal stem cells originate from undifferentiated 
mesenchymal cells at early stages of limb development. If not, 
where do these stem cells come from, or how are they locally 
induced? Are the joint IZ regions reservoirs of stem cells 
or progenitor cells? Is IZ formation a consequence of local 
induction of joint stem cells? Further studies are needed to 
find new skeletal stem cell niches for the various developing 
tissues during skeletogenesis.
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Graft versus host disease (GVHD) is a common condition in patients subjected to
allogeneic hematopoietic stem cell transplantation (HSCT). The immune cells derived
from the grafted stem cells attack recipient’s tissues, including those from the skin,
liver, eyes, mouth, lungs, gastrointestinal tract, neuromuscular system, and genitourinary
tract, may lead to severe morbidity and mortality. Acute GVHD can occur within
few weeks after the allogeneic cells have engrafted in the recipient while chronic
GVHD may occur any time after transplant, typically within months. Although treatable
by systemic corticosteroid administration, effective responses are not achieved for a
significant proportion of patients, a condition associated with poor prognosis. The use
of multipotent mesenchymal stromal cells (MSCs) as an alternative to treat steroid-
refractory GVHD had improved last decade, but the results are still controversial.
Some studies have shown improvement in the life quality of patients after MSCs
treatment, while others have found no significant benefits. In addition to variations
in trial design, discrepancies in protocols for MSCs isolation, characterization, and
ex vivo manipulation, account for inconsistent clinical results. In this review, we discuss
the immunomodulatory properties supporting the therapeutic use of MSCs in GVHD
and contextualize the main clinical findings of recent trials using these cells. Critical
parameters for the clinical translation of MSCs, including consistent production of MSCs
according to Good Manufacturing Practices (GMPs) and informative potency assays for
product quality control (QC), are addressed.

Keywords: mesenchymal stromal cells, immunomodulation, graft versus host disease, bone marrow, good
manufacturing practices

INTRODUCTION

Allogeneic hematopoietic stem cell transplant (HSCT) is a treatment for high risk hematological
and malignant diseases. Conditioning regimen, immunosuppressive strategies, supportive care
and prophylaxis for infectious disease are improving, reducing mortality related to transplant
(Appelbaum, 2001). However, graft versus host disease (GVHD) remains one of the most common
complication with high rate of disability and mortality (Perkey and Maillard, 2018).
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Graft versus host disease occurs when immunologically
competent donor T lymphocytes recognize recipient’s tissue as
foreign resulting in damage in many organs systems including
skin, liver, gastrointestinal tract, and lung. Clinical manifestations
are classified as acute or chronic GVHD. In the past, all
clinical manifestations of GVHD occurring before 100 days
of transplant where classified as acute GVHD. When clinical
manifestations occurred later on, after 100 days of transplant, it
was considered chronic GVHD. In 2005, the National Institutes
of Health (NIH) Consensus Conference determined new criteria
of diagnosis and scoring and abolished the 100 days criterion.
NIH Consensus considered acute and chronic GVHD as two
distinguished symptoms without restriction of time (Filipovich
et al., 2005; Figure 1).

Among all patients undergoing allogeneic HSCT 30–50% will
have acute GVHD (grade 1–4) and 14% of patients exhibit
chronic GVHD. The most important acute GVHD risk factor
is human leukocyte antigen (HLA) mismatch (Petersdorf et al.,
1995; Flomenberg et al., 2004). Transplants involving female
donor/male recipient or unrelated donor are also associated
with higher risk of developing late acute and chronic GVHD
(Arora et al., 2016).

Pathophysiology of acute GVHD involves engraftment of
immunocompetent cells in a host with mismatched antigens
that is incapable to respond against graft cells, allowing
donor lymphocytes activation to attack host tissue (Billingham,
1966). The damage to host tissues leads to production of
proinflammatory cytokines, such as tumor necrosis factor (TNF)
α, interleukin (IL) 1, 2, and 6, chemokines and increased
expression of adhesion molecules, costimulatory molecules
and major histocompatibility complex (MHC) antigens on
the tissue (Jamil and Mineishi, 2015). Regulatory T Cells
(Tregs) have been shown to downregulate the alloreactivity
of T cells in vitro and in vivo and natural killer cells
(NK cells) have been shown to modulate GVHD in a

clinical trial reducing incidence of GVHD (Zeng et al., 1999;
Cohen and Boyer, 2006).

The pathophysiology of chronic GVHD is more complex.
All mechanisms reported in acute GVHD are relevant, however,
other pathways are under investigation. The presence of auto
and alloantibodies is described but is unclear whether these
antibodies are involved in pathogenesis or are just markers of
B cell dysregulation (Shimabukuro-Vornhagen et al., 2009). The
presence of these auto antibodies is also described along with
implication of Treg dysfunction in the development of chronic
GVHD (Martin, 2008).

Acute and chronic GVHD are first treated by glucocorticoids.
However, 50–60% of patients are resistant to glucocorticoids
(Flowers and Martin, 2015; Mielcarek et al., 2015) and they
have poor long-term prognosis with overall survival rate of
only 5–30% (Zeiser and Blazar, 2017). Alternative treatments
involve different immunosuppressive drugs like Calcineurin
inhibitor, Antithymocyte globulin (ATG), Anti-interleukin
2 receptor antibodies, Anti-TNFα agents, Extracorporeal
photopheresis (ECP), Mycophenolate mofetil (MMF), Sirolimus,
and Pentostatin. None of them are fully effective and new
therapeutic modalities for refractory GVHD are currently
under investigation, including therapy with mesenchymal
stromal cells (MSCs).

MESENCHYMAL STROMAL CELL
IDENTITY

After their first description in bone marrow by Friedenstein
et al. (1968), mesenchymal cells were later found to reside in
almost all post-natal tissues, being recruited to sites of tissue
injury. Although at variable quantities, mesenchymal stem cells
are also isolated from cord blood (Erices et al., 2000), umbilical
cord (Wang et al., 2004), amnion (Kaviani et al., 2001), placenta

FIGURE 1 | Classification and stage of graft versus host disease (GVHD).
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(Fauza, 2004), peripheral blood (Kassis et al., 2006), adipose tissue
(Zuk et al., 2002), dental pulp (Gronthos et al., 2000), maternal
milk (Patki et al., 2010), skin (Shih et al., 2005), and menstrual
blood (Meng et al., 2007), among others. However, the great
variability in the protocols for mesenchymal stem cell isolation
and ex vivo expansion may sometimes result in cultures of cells
with distinct properties.

In attempt to help standardize the growing research field with
such mesenchymal cells, the International Society for Cellular
Therapy suggested using the term “MSCs,” due to the lack of
uniform evidences for their stem cell activity (Horwitz et al.,
2005). The same Society also proposed minimum criteria to
characterize MSCs, namely culture plastic adherence, ability
to differentiate in vitro into adipocytes, chondrocytes and
osteocytes, and expression of specific membrane surface antigens
(Dominici et al., 2006).

Although widely accepted, these criteria do not guarantee
purity of MSC preparations since other cell types, such as
fibroblasts, to some extent comply with these same requirements
(Junker et al., 2010; Pereira et al., 2011). Heterogeneity in MSC
products may lead to discrepant clinical outcomes. Indeed, in
an experimental model of Parkinson’s Disease, contamination
of MSC preparations with fibroblasts abolished MSC-induced
therapeutic effects and enhanced degeneration of dopaminergic
neurons (Pereira et al., 2011). Therefore, defining clear threshold
levels of critical cell parameters may improve MSC quality testing.
Assessment of alternative membrane markers enriched in MSCs
compared to other cell types, such as CD166 (Halfon et al., 2011),
CD271 (Jones et al., 2002), or CD146 (Sacchetti et al., 2007) have
also been proposed for MSC immunophenotyping.

Therefore, following strict criteria for MSC identity is essential
for comparability and reproducibility studies. Nonetheless, it is
also important to continuously revise these consensus criteria
once knowledge is updated in the literature.

IMMUNOMODULATORY PROPERTIES
OF MESENCHYMAL STROMAL CELLS

Mesenchymal stromal cells are highly metabolically active,
secreting not only extracellular matrix molecules (Wight et al.,
1986), but also a variety of cytokines (Horwitz and Dominici,
2008). Indeed, the paracrine effects of MSCs, such as those related
to regulation of immune response, seem more relevant under
certain physiopathological conditions than their multipotency.
Some studies reported that MSCs are able to affect the activity
of both, T and B cells. MSCs may suppress T cell proliferation,
cytokine release, cytotoxicity, and Th1/Th2 balance (Puissant
et al., 2005; Selmani et al., 2008). MSCs also affect B cells
viability, antibodies secretion and the co-stimulatory production
of molecules released by B cells (Corcione et al., 2006). Some
studies have also reported MSC to be capable of inhibiting
antigen maturation, activation and presentation by dendritic cells
(Ramasamy et al., 2007), as well as inhibiting interleukin-2 (IL-2)
production by NK cells (Spaggiari et al., 2006).

It is known that the immunomodulatory effects of MSCs
depend on cell activation by stimulatory molecules in the

microenvironment. The main factors leading to MSCs activation
are IFN-gamma, TNF-α, and IL-1β (Krampera, 2011). The release
and ligation of IFN-gamma to receptors in MSCs are key factors
inducing immunomodulatory properties not only in T cells, but
also in B and NK cells, which are not responsive to IFN-gamma
by itself (Duffy et al., 2011; Franquesa et al., 2012).

The stimulation by TNF-α or IL-1β cause significant
modification in MSCs phenotype, which include MHC class I
expression and increase in ICAM-1 and VCAM-1 expression
(Ren et al., 2010). The combinatory action of IFN-gamma
and TNF-α increases IL-6, IL-8, HGF, PGE-2, and cyclo-
oxigenase-2 (COX-2) expression in MSCs (Hemeda et al., 2010).
IFN-gamma action alone results in induction of MHC class
II, indoleamine 2,3-dioxygenase (IDO) and PD-L1 expression
(Sheng et al., 2008). Up-regulation of IDO has been shown to
have therapeutic potential in preventing GvHD. IDO activity
leads to production of kynurenine, a tryptophan breakdown
product capable of inducing apoptosis of T cells and suppression
of inflammation (Jasperson et al., 2009). Programed death 1
(PD-1) and its ligand (PD-L1) are important players in GVHD,
by delivering inhibitory signals avoiding immune mediated
tissue damage (Blazar et al., 2003). IFN-gamma and TNF-α
co-activation induce expression of chemokines such as CCR5,
CCR10, CXCR3, CXCL9, and CXCL10, which are involved
in chemotaxis and may inhibit the proliferation of effector
cells in the immune system (Ren et al., 2008; English, 2013;
Najar et al., 2016). The interplay between pro-inflammatory
factors, production/activation of immunomodulatory molecules
by MSCs, and ensuing consequences on immune system cells is
illustrated in Figure 2.

In a recent study using C57BL/6 mice, it was found that
24 h post-injection of umbilical cord MSCs in the tail vein,
most cells were dead and located in lungs and liver, with a
huge presence of Ly6Clow monocytes. In vitro assays showed that
human monocytes were polarized from a CD14++/CD16− to a
CD14++/CD16+/CD206+ phenotype after MSCs phagocytosis.
These monocytes also expressed PDL-1 and IL-10, while TNF-α
was reduced. These modified monocytes after MSCs phagocytosis
induced Treg Foxp3+ formation, indicating that monocytes
play a key role in the MSCs immune modulatory response
(de Witte et al., 2018). Some in vitro studies showed that
MSCs stimulated monocytes to acquire an anti-inflammatory
phenotype with IL-10 production (Melief et al., 2013; Deng et al.,
2016). Gonçalves et al. (2017) demonstrated that particles derived
from the plasma membrane of MSCs were able to induce pro-
inflammatory monocytes to apoptosis, thereby modulating the
immune response.

Apoptosis seems to be involved in different mechanisms
leading to immunosuppression. Another study in a mouse
model of GVHD reported that the immunosuppression effect
of MSCs depends on the recipient’s cytotoxic T cell activity.
It was found that highly cytotoxic T cells in the recipient
induces MSC apoptosis and that apoptotic MSCs are cleared
by recipient’s phagocytes. This process induces production of
IDO by the phagocytes, thereby promoting immunosuppression
(Galleu et al., 2017). In this study, the authors confirmed that
the cytotoxic activity of GVHD patient’s T cells against MSCs
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FIGURE 2 | Immunomodulatory effects of mesenchymal stromal cells (MSC). Mesenchymal stromal cells release several molecules that act directly in cells from the
immune system, favoring an anti-inflammatory microenvironment.

was positively correlated with clinical response, which led them
to propose the use of an in vitro cytotoxicity test against
MSCs to help screening eligible GVHD patients to undergo
treatment with MSCs.

As many signaling pathways involved in MSCs
immunomodulatory effects are mediated by soluble factors,
cell-free therapy strategies such as those with MSC-derived
exosomes are also being considered. Exosomes can carry
important active molecules such as cytokines, mRNAs and
regulatory miRNAs (Yin et al., 2019). Exosomes released by
bone marrow MSCs were reported to improve GVHD in mice
by inhibiting CD4 T cells, reducing inflammatory cytokines and
increasing IL-10 expressing Treg cells (Lai et al., 2018).

MESENCHYMAL STROMAL CELLS FOR
GRAFT VERSUS HOST DISEASE

The better understanding of the MSCs immunomodulatory
properties and of the GVHD pathophysiology has supported a
rationale for potential benefits of a MSC-based therapy for this
condition. Given that MSCs suppress proliferation of activated
lymphocytes, reduce IFN-gamma production and upregulate
activation markers (Klyushnenkova et al., 2005), in 2004, MSC
was first used successfully to treat GVHD (Le Blanc et al., 2004).

This first approach from a haploidentical third party donor
showed that MSCs treatment could be safe and potentially
effective. Since then, MSC has been studied to prove its efficacy,
but the results are still controversial, probably as a consequence
of variations in trial design.

SOURCE OF MSC

Studies evaluating MSC for GVHD normally use allogeneic MSCs
as patients usually don’t have clinical condition for this donation.
In the beginning, HLA matched donors were selected, however,
in vitro culture showed similar suppressive effects despite HLA
matched (Le Blanc et al., 2003). This finding resulted in studies
using third party donors without HLA matched without impact
in clinical outcome (Le Blanc et al., 2008; Kebriaei et al.,
2009). Third party donor cells have the advantage of prior
cryopreservation, allowing cell product availability in just few
days after a clinical indication of MSCs treatment.

Most GVHD studies use bone marrow aspirate as a source
of MSCs production. Of 30 clinical studies assessed in the
literature, 25 used bone marrow MSCs (18 of which for GVHD
treatment and seven for GVHD prevention). Four studies using
umbilical cord-derived MSC to prevent GVHD and one study
using adipose-derived MSCs to treat GVHD have also been
reported. These studies have compared MSCs treatment only
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with conventional treatment or historical control. Thus far,
no studies have compared the impact of different biological
sources of MSC in clinical outcome. Variabilities in trial design
is one main limitation for carrying out a meta-analysis to
determine which biological source is better or if they are all
equivalent in terms of adverse effects and therapeutic benefits
(Rizk et al., 2016).

SAFETY OF MSC

Although malignant transformation of MSCs is a theoretical
risk, a systematic review conducted by a Canadian group in
2012 found no significant association between MSC infusion
and tumor formation. Malignancy were detected only in patients
with ongoing malignancies or as recurrence events. No de novo
malignancies have been reported, although the clinical follow-
up in the examined trials were rather short, ranging from 3 to
60 months (Lalu et al., 2012).

Another meta-analysis of clinical trials enrolled seven studies
with a total of 593 patients (334 treated with MSCs and 259
without MSC treatment). Infusion was safe and well tolerated
in all studies (doses ranging from 0.1 to 10 million cells per
kg) and there was no report of oncogenesis in the follow-up
period. Trials using MSCs prophylactically had a median follow-
up of 10–60 months. Follow-up of trials using MSCs as treatment
varied from 2 to 23 months (Fisher et al., 2019).

As immunosuppressive treatment can reduce graft-versus-
leukemia (GVL) effect, two studies reported relapse of malignant
disease in short follow up (Kebriaei et al., 2009; Martin et al.,
2010). However, there is insufficient evidence to determine this
association with high risk of malignant relapse (RR 0.83, 95%, CI
0.37–1.84; participants 275; studies 2) (Fisher et al., 2019). Also in
long term follow up, six trials reported this complication but there
is insufficient evidence to associate this risk with MSC infusion
(RR 1.08, 95%, CI 0.73–1.59; participants 323; studies 6).

Safety regarding the use of MSCs also involves evaluation
of possible complications related to embolism in capillary-rich
organs. Among the most common routes of MSCs delivery,
including topical application, intramuscular or direct injection
into organs, intravenous and intra-arterial infusion, the preferred
route is the intravenous (Moll et al., 2019). Despite its
simplicity, possible complications are related to embolism or
thrombus formation. Indeed, Wu et al. (2017) reported that two

patients with renal transplantation and chronic kidney disease
presented thromboembolism after infusion of MSCs derived
from umbilical cord.

A study by Cui et al. (2015) showed in a mouse model that
cerebral blood flow was reduced when infusing high amounts of
MSCs, which could lead to more severe embolism events. They
also showed that not only the number of MSCs is important
for this effect but also the speed of cell infusion. The authors
demonstrated that longer infusion times were more related to
embolism complications. However, given that the follow-up
period of this study was limited to 3 days, the authors suggest
that these complications could be a transient event.

In another experimental model, Gleeson et al. (2015) showed
that, when infused in female pigs, bone marrow MSCs expressed
active tissue factor, a key factor of the soluble coagulation cascade
that supports thrombin generation and thrombus formation.
To counteract this effect, the authors suggest the use of an
antithrombotic therapy when MSCs are administered. Christy
et al. (2017) also reported a procoagulant activity of MSCs;
they showed that adipose-derived MSCs displayed a higher
procoagulant activity than MSCs derived from bone marrow.
The authors suggest that MSCs should be tested for coagulation
activity and that patients should be monitored for these
possible complications.

Altogether these studies indicate that patients in cell therapy
protocols should be monitored for possible embolism or
thrombus events related to MSCs infusion and, when applicable,
antithrombotic therapies could be applied. Preclinical studies like
these are of utmost importance to prevent translational failure.
To this end, critical parameters such as the therapeutic window,
delivery route, type of cells, immunogenicity, comorbidity, and
concomitant treatment, should be considered in these studies.

EFFICACY OF MSC

Evidence of efficacy is difficult to determine since the clinical
studies published so far are highly heterogeneous. Some studies
use MSCs as prophylactic scheme, with infusion in pre-
determined days. Six studies analyzed incidence of acute GVHD
and other six studies evaluated chronic GVHD (Tables 1, 2).
Possible therapeutic benefit from MSC treatment seems to occur
in chronic GVHD patients, although the quality of evidence is low
as studies had different schemes of infusion (Fisher et al., 2019).

TABLE 1 | Prophylactic trials for acute GVHD.

Study MSC No MSC Risk ratio

aGVHD events Total participants aGVHD events Total participants

Ghavamzadeh et al., 2010 6 25 4 23 1.38 (0.45–4.28)

Kuzmina et al., 2012 4 39 8 38 0.49 (0.16–1.48)

Liu et al., 2011 16 27 16 28 1.04 (0.66–1.62)

Mareika et al., 2016 1 10 3 12 0.40 (0.05–3.27)

Ning et al., 2008 5 10 11 15 0.68 (0.34–1.36)

Wu et al., 2013 4 8 8 12 0.75 (0.34–1.67)

Adapted from Fisher et al. (2019).
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TABLE 2 | Prophylactic trials for chronic GVHD.

Study MSC No MSC Risk ratio

cGVHD events Total participants cGVH events Total participants

Gao et al., 2016 17 62 30 62 0.57 (0.35–0.92)

Kuzmina et al., 2012 5 19 6 18 0.79 (0.29–2.14)

Liu et al., 2011 13 27 19 28 0.71 (0.44–1.13)

Mareika et al., 2016 1 10 4 12 0.30 (0.04–2.27)

Ning et al., 2008 4 10 5 15 1.20 (0.42–3.41)

Wu et al., 2013 1 8 5 12 0.30 (0.04–2.11)

Adapted from Fisher et al. (2019).

Only two controlled trials evaluated efficacy in acute GVHD
treatment without difference in clinical manifestation in both
groups (MSCs versus no MSCs). In one study with pediatric
patients, complete and partial responses were reported in 58 and
17% patients, respectively (RR 2.0, 95%, CI 0.20–19.6 participants
28). One trial evaluated MSC for treatment of chronic GVHD in
40 patients. In this study, complete and partial responses were
observed in 15 and one patients, respectively (RR 5.0, 95%, CI
0.75–33.21) (Fisher et al., 2019).

As for safety, the cell administration route is a variable
potentially impacting therapeutic effects. MSC systemic delivery
is one of the most common administration route in cell therapy
since it does not require an invasive procedure but, on the
other hand, it relies on a transendothelial cell migration process
toward the lesion site, which could have a direct influence in the
treatment efficacy Nitzsche et al. (2017). MSCs take a longer time
to complete diapedesis than leukocytes (Teo et al., 2012) and this
process is not improved by increased persistence of circulating
MSC, affecting the amount of cells reaching the targeted organs
(Schmidt et al., 2006).

Mesenchymal stromal cells should be able to exit circulation
and migrate to tissues/organs in order to repair local lesions
due to GvHD. This process initially involves a contact between
the cells and the endothelium and, subsequently, transmigration
toward the target tissue/organ. MSCs rolling depends on presence
of platelets (Teo et al., 2015) and different ligands such as
P-selectin (Rüster et al., 2006), glycoproteins and galectin-1
(Suila et al., 2014). MSCs also express a variety of integrins,
which can be responsible for the rolling process (Nitzsche
et al., 2017). After this first step, MSCs should adhere firmly
to the endothelium, which is supported by the expression
of various chemokines such as CCR2, CCR4, CCR7, CCR10,
CXCR5, CXCR6, and CXCR4 (Andreas et al., 2014); immediately
after adhesion, MSCs reorganize the cytoskeleton inducing a
polarization before transmigration (Belema-Bedada et al., 2008).
MSCs migration to the subendothelial space is mediated by
integrins and metalloproteinases that breakdown the basal
lamina (Cheng et al., 2012).

Enhancing migration and homing of MSCs to target
tissue/organ could be achieved by genetic engineering these cells
to increase the expression of chemokines, integrins or selectins
(Nowakowski et al., 2013). This approach could help increasing
the effectiveness of MSC in GvHD patients.

DOSE OF MSC

One of the earliest trials of MSC infusions in humans occurred in
1995 (Lazarus et al., 1995), in which patients with hematologic
malignancies and in complete remission received a one-time
infusion of autologous bone marrow MSC at doses of 1, 5, or
50 × 106 cells. Since this pioneer study, many others have been
performed over the last decade establishing an excellent safety
profile for both, autologous and allogeneic MSC infusions, over
a range of cell doses and different schemes (Table 3).

For most clinical indications, human MSCs are transfused
intravenously at doses typically in the one to two million cells
per kilogram. For instance, Le Blanc et al. (2008) treated 55
acute GVHD patients with a median dose of 1.4 × 106 cells
per kg. Almost a half of them received two doses and six
patients, three to five doses. Complete responders had lower
transplantation-related mortality 1 year after infusion than
patients with partial or no response, as well as higher overall
survival 2 years after hemopoietic stem cell transplantation
(Le Blanc et al., 2008).

The Osiris trial Protocol 260 compared two different doses
of MSCs for acute GVHD. Patients were randomized in two
arms: high-dose (8 × 106 MSC/kg) or low dose (2 × 106

MSC/kg). Patients were stratified for dose levels between grades
II and grades III/IV of acute GVHD. Standard steroid therapy
using glucocorticosteroids and cyclosporine or tacrolimus, was
continued at therapeutic dose levels. Seventy seven percent of
patients had complete response and 16% partial response (RR
0.76 CI 0.51–1.14 for complete response, RR 11.69 CI 0.7–
194.79) without difference in both arms (Kebriaei et al., 2009;
Fisher et al., 2019).

For chronic GVHD patients, a team from Karolinska
University Hospital, Stockholm, Sweden, reported a study with
11 patients who received six doses of 2 × 106 MSC/kg, at a 4–6-
weeks interval. Patients who responded and tolerated the initial
six dose regimen received one to three additional MSC doses.
Two patients have discontinued all systemic immunosuppression
and another two patients were free of steroids and tapering
calcineurin inhibitors. The median follow-up time of this study
was 29 months. Quality of life was evaluated using the FACT-
BMT questionnaire, and responders showed a mean increase in
FACT-BMT total score of 6.6 points, or 8%, compared to baseline
values, at last follow-up (Von Bahr et al., 2015).
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TABLE 3 | Dosing scheme of selected clinical studies testing MSCs for treatment of GVHD.

References Acute or chronic Source of MSCs Dose Scheme

von Bonin et al., 2009 aGVHD Allogeneic 0.9 × 106/kg Weekly

Jitschin et al., 2013 aGVHD Allogeneic 2 × 106/kg Single dose

Shipounova et al., 2014 aGVHD Allogeneic 1.2 × 106/kg Single dose

Maziarz et al., 2015 aGVHD Allogeneic 1–10 × 106/kg Single dose or weekly

Kebriaei et al., 2009 aGVHD Allogeneic 2 or 8 × 106/kg Two infusions

Gao et al., 2016 cGVDH Allogeneic 3 × 107/kg Monthly (four times)

Kuçi et al., 2016 aGVHD Allogeneic 50–129 × 106 Not specified

Yin et al., 2014 aGVHD Allogeneic 2 × 106/kg Weekly (three times)

Bader et al., 2018 aGVHD Allogeneic 1–2 × 106/kg Weekly (one to four times)

Salmenniemi et al., 2017 aGVHD or cGVHD Allogeneic 2 × 106/kg Once or biweekly (six times)

Dotoli et al., 2017 aGVHD Allogeneic 2 × 106/kg Weekly (three times)

von Dalowski et al., 2016 aGVHD Allogeneic 0.99 × 106/kg Two times

Kurtzberg et al., 2014 aGVHD Allogeneic 2 × 10e6/kg Biweekly (eight times)

A recent Cochrane review identified 12 studies and 13 ongoing
trials involving adult or pediatric patients with GvHD (acute or
cronic). In these studies, patients were treated with MSCs doses
ranging from 105 to 107 cells/kg, but no differences in clinical
outcome could be associated with MSC dose (Fisher et al., 2019).

PRODUCTION OF MSCs UNDER GMP
CONDITIONS FOR CLINICAL USE

The MSCs anti-inflammatory properties as well as homing to sites
of inflammation, immunomodulatory properties, and trophic
influence on tissue repair, have made these cells very popular
for clinical studies (Trounson and McDonald, 2015; de Witte
et al., 2018). Up to February 2019, there were 936 registered
clinical trials using MSCs with 181 recruiting status (Figure 3).
Most of these MSCs clinical trials use allogeneic cells and these
trials have the highest activity in United States, Europe, and
China. Conditions more frequently indicated for MSC therapy
include degenerative osteoarthritis, defect of articular cartilage,
rheumatoid arthritis, GVHD, sickle cell disease, thalassemia,
leukemia, nephrotic syndrome, liver cirrhosis, diabetes mellitus,
lupus, Crohn’s Disease, multiple sclerosis, amyotrophic lateral
sclerosis, autism spectrum disorder, ischemic heart disease,
among many others. Although there are a high number of
ongoing clinical studies, only few MSC commercial products are
approved by regulatory agencies (Table 4).

Currently, distinct strategies are used to produce human
MSCs ex vivo for clinical purposes, as an alternative method for
regenerative therapy in many diseases. In any case, regulatory
issues related to the safety, efficacy and quality of MSC therapies
must be considered while preparing a cell- or tissue-based
product for clinical and commercial use. Quality assurance
(QA) and quality control (QC) must be provided in any cell
manipulation under good manufacturing practices (GMP) grade.

Thus far, there is no consensus on the production of
MSCs regarding GMP system. The QC standards may be
discussed individually on each project following the local
regulatory agency authority. In Brazil, the regulatory agency

(ANVISA – Agência Nacional de Vigilância Sanitária), establish
specific criteria for advanced therapy products to assure the
quality, safety and efficacy of cell therapy in the country
(Resolutions: RDC 214/2018 and RDC 260/2018). Cell
viability, cytogenetics, potency tests and sterility tests to
verify contamination by mycoplasma, aerobic and anaerobic
bacteria, fungus, and special microorganisms such as filamentous
fungus, are routinely used to ensure the quality of the cell
product. Main GMP issues addressed by regulatory agencies
in different countries are comparable and can be assessed
in Supplementary Table S1.

According to the Foundation for the Accreditation of Cell
Therapy (FACT) and Brazil’s ANVISA, cytogenetic testing is
mandatory to release a cell product. Most manufacturing units
perform karyotyping on the final cell product and the results
are an important component of the release criteria. In case of
any chromosomal abnormalities in the manipulated cells, the
incoming samples may be karyotyped to ensure that the donor
does not have any constitutive chromosomal abnormalities and
that the alteration has probably originated in a cell clone during
ex vivo expansion. A study by Nikitina and colleagues estimated
that around 10% of MSC samples contain chromosomal
aberrations after expansion, although the clinical consequences
of such aberrations are unknown (Nikitina et al., 2018).

However, since the potential clinical impact of minor changes
in karyotyping is difficult to evaluate, not all services consider
the cytogenetic testing as a release criterion (Philippe et al., 2010;
Tarte et al., 2010; Hanley et al., 2013).

There are many different variations in existing manufacturing
protocols for MSC production that may influence the final
characteristics of the cells. The type of media supplementation
is a typical example. Fetal bovine serum (FBS) is the most
common supplementation used. FBS concentration in media
ranges from 2 to 20%, with 10% FBS being the most common
concentration. This variability on FBS concentration may result
in different amounts of growth factors to stimulate cell survival
and proliferation (Carmen et al., 2012; Mendicino et al., 2014).
Xeno-free media supplementation is also used, including human
platelet lysate and human serum. Some cell culture media are fully
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FIGURE 3 | Mesenchymal stromal cells in Clinical Trials. (A) Therapeutic indications being addressed with MSCs. (B) MSCs Clinical Trials classified by Clinical Phase.
Data for 181 registered clinical trials with recruiting status.

defined and do not require extra supplementation. However, the
lack of serum or platelet lysate could impair MSCs attachment
to the surface and there is a need of a coating substrate that is
derived from animal or human tissue. In our GMP unit, we have
validated the use autologous serum (patient-specific) to expand
MSC products for infusion in patients enrolled in official clinical
protocols. Under such condition, typically, a 20 mL bone marrow
aspirate yields 10 million MSCs after three cell culture passages.

Many efforts have been made to develop technologies to
achieve production of adequate number of cells with high
therapeutic quality. Ex vivo MSC expansion may be performed
by conventional cell culture techniques or by using bioreactors.

Considering autologous use, it is possible to produce lower cell
quantity and the scale-out approach can be performed, using
planar culture systems with multiple flasks in cell factories. For
allogeneic use, MSCs can be expanded to a large number of
cells in bioreactor systems (scale-up approach) and cryopreserved
in cell banks for future use (Pittenger et al., 1999; dos Santos
et al., 2013; Mizukami and Swiech, 2018). However, it is
critical to determine cell viability, potency and sterility post-
thawing to validate the cryopreservation method before routine
implementation (Galipeau, 2013; Mendicino et al., 2014).

Monolayer culture is the traditional technique for MSC
expansion; however, excessive manipulation may interfere in
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TABLE 4 | Commercially approved MSCs-based products.

Medicinal product Company hMSC type Clinical indication Marketing authorization

Allostem AlloSource Allogeneic hASC Bone regeneration FDA (United States)

Cartistem Medipost Allogeneic UCB-MSC Traumatic and degenerative osteoarthritis SKFDA (Korea)

HeartiCellgram FCB-Pharmicell Autologous BM-MSC Acute myocardial infarction SKFDA (Korea)

Grafix Osiris Therapeutics Allogeneic BM-MSC Soft tissue defects (acute and chronic wounds) FDA (United States)

Prochymal Mesoblast Allogeneic BM-MSC GVHD Health Canada (Canada);
Medsafe (New Zealand)

OsteoCel NuVasive Allogeneic BM-MSC Spinal bone regeneration FDA (United States)

OvationOD Osiris Therapeutics Allogeneic BM-MSC Bone regeneration FDA (United States)

Cartiform Osiris Therapeutics Allogeneic BM-MSC Cartilage repair FDA (United States)

Stravix Osiris Therapeutics Allogeneic BM-MSC Wound repair FDA (United States)

Cupistem Anterogen Autologous hASC Crohn’s fistula, reduce inflammation and
regenerate damaged joint tissues

SKFDA (Korea)

TEMCELL Mesoblast Allogeneic BM-MSC Acute radiation injury, Crohn’s disease, GVHD,
type I diabetes, and myocardial infarction

PMDA (Japan); Health
Canada (Canada); Medsafe
(New Zealand)

Trinity evolution Orthofix Allogeneic BM-MSC Bone regeneration FDA (United States)

Trinity elite Orthofix Allogeneic BM-MSC Bone regeneration FDA (United States)

QueenCell Anterogen Autologous hASC Regeneration of subcutaneous adipose tissue SKFDA (Korea)

Ossron RMS Autologous BM-MSC Bone regeneration SKFDA (Korea)

Alofisel TiGenix/Takeda Allogeneic hASC Complex perianal fistulas EMA (Denmark)

the functional properties of cells due to enzymatic treatments
in many passages, higher contamination risk due to intense
manipulation, prolonged culture to generate adequate amounts
of cells, impairing cell physiology. Scale-up based cell expansion
meets the criteria for GMP with quality standards, allowing
monitoring of pH, temperature, carbon dioxide, and oxygen
concentration over time, and maintenance of cells behavior
(adherent or suspension cells). There are several bioreactors
available for cell expansion such as stirred tank bioreactor,
rocking bioreactor, hollow fiber bioreactor, and fixed bed
bioreactor. The choice of bioreactor will depend on the aim to
be achieved, i.e., final amount of cells required for infusion, type
of cell (adherent or suspension growing cells), mid/long term use,
etc (Jung et al., 2012; Clarke, 2013; Mizukami and Swiech, 2018).

After MSC expansion, cells are harvested by using an enzyme,
usually trypsin. Since this enzyme is normally of porcine
origin, alternative GMP recombinant enzymes are available
and their use should be prioritized. Mechanical detachment of
cells cultured under GMP facilities is also possible by using
a cell scraper tool, although detachment must be done gently
in order to avoid cell damage and death. While enzymatic
MSC detachment can be adapted in expansion protocols using
bioreactors, the same adaptation is harder to achieve for
mechanical detachment techniques.

When high MSC doses and multiple cell infusions are
required, which is typically the case of GVHD treatment,
cryopreservation of previously expanded cells is an optimal
solution to have high amounts of GMP-grade cells readily
available for infusion. Nonetheless, cryopreservation is a critical
step in MSC manipulation. Although either cryopreservation
bags or regular cryotubes could be used for this purpose, the
use of the latter is limited by the low volume of cell preparation
that can be stored per vial (usually 1.5–2 mL). Cryopreservation

media usually contain DMSO as cryoprotectant but it can cause
some adverse effects when infused in patients. Typically, cells are
stored using a ratio of 10% DMSO and 90% of serum. Thus, after
thawing, some laboratories centrifuge and wash cells to remove
DMSO. An alternative is to use cryoprotectants containing
methylcellulose, sucrose, trehalose, glycerol, hydroxyethyl
starch, and polyvinylpyrrolidone. Some companies already
developed serum-free and xeno-free cryopreservation media
(e.g., Cryostor – StemCell Technologies, Plasmalyte-A – Baxter
and Synth-a-Freeze – Gibco) to circumvent toxicity. Importantly,
validation of progressive freezing and thawing cycles is required
to avoid significant loss of cell viability.

Despite the lack of consensus in critical steps of MSCs
production under GMP conditions, different protocols are
available to attain high yields of expanded MSCs. However,
these ex vivo expanded MSC need to meet the quality standards
required by regulatory agencies.

INFORMATIVE MSCs POTENCY ASSAYS
FOR USE IN GVHD TREATMENT

Cellular products intended for clinical use must also pass
functional evaluation, a key part of a GMP quality control
program. Currently, there is no specific release criterion required
by the authorities for testing MSC potency. The most used
and accepted potency tests for MSCs evaluate their ability
to differentiate into three different cell types (osteoblasts,
adipocytes, and chondroblasts), to inhibit T-lymphocyte
proliferation or to promote endothelial tube formation.

All these tests involve in vitro assays that can be easily adapted
for routine screening of cell preparations. Nonetheless, adoption
of different assays for extensive functional characterization of
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cells is expensive and time consuming, which may delay the
availability of freshly produced MSCs for infusion in patients
at critical clinical conditions. Alternatively, a key test could be
performed to evaluate a specific MSC property that is correlated
with the aimed therapeutic effect. To this end, knowledge of the
mechanism of cell action in vivo is of fundamental importance,
which reinforces the relevance of basic stem cell biology studies.

For instance, exploration of MSC immunosuppressive
potential is well established in immunological-based diseases
such as diabetes, multiple sclerosis, and GVHD. For this
type of application, assaying MSC immunomodulatory
activity would better suit a potency test then assaying MSC
multipotency. This could be achieved by co-culture assays
with T cells to evaluate MSC effects on T cell proliferation
and/or by cytokine release by MSC (Wuchter et al., 2015;
Mizukami and Swiech, 2018).

Di Nicola et al. (2002) showed that MSCs were able to
suppress T-cell proliferation when these cells were added to
mixed lymphocyte reactions. They also demonstrated that MSCs
were able to inhibit both CD4+ and CD8+ cells. This study
suggested that cell-cell contact between MSC and effector cells
was not necessary to inhibit T-lymphocyte proliferation (Di
Nicola et al., 2002). However, cell-cell contact was important
for T-cell arrest in G0 phase of the cell cycle (Glennie et al.,
2005). MSC do not seem to induce T-cell apoptosis in vitro
(Krampera et al., 2006).

The immuno-suppressive activity of MSCs may also be
determined after exposure to IFN-gamma. In this assay, presence
of primed MSC could be indicated by expression of MHC class
I, MHC II, PDL-1, or other modulatory molecules. Release of
certain chemokine receptors such as CXCR3, CXCR4, CXCR5,
and CCR7 could also be assayed to indicate immunomodulatory
active MSC (Krampera et al., 2013). As previously addressed,
potency tests based on the cytotoxicity of recipient’s cells toward
donor MSCs is another example of informative test associated
with clinical response of GVHD patients (Galleu et al., 2017).
Incorporation of such assays in the routine QA tests is feasible,
since it would only require basic flow cytometry and ELISA
platforms, or similar alternatives.

Specific MSC properties involved in their expected
therapeutic effect may be affected by different factors, including
cryopreservation (Weise et al., 2014). Thus, proper potency
assays are also valuable to assess stability of cell therapy products
at different storage conditions over time. Donor age is another
factor that influences MSC activity. Stolzing et al. (2008) analyzed
expression of cell surface markers, oxidative cell damage and
senescence in MSCs derived from adults and children. They have
found a reduction in CFU-F (colony forming unit-fibroblast)
generation and in the subset of CD45low/D7fib+ve/LNGF+ve cells
in samples derived from adults compared with samples derived
from children. MSCs obtained from elderly people also showed
increased levels of ROS, p21, and p53 proteins. The authors
suggested that active MSCs derived from bone marrow decrease
in number with age and that these cells are not as potent as the
ones isolated from younger patients. Such aging effect on MSC
properties should be considered when defining inclusion criteria
for MSC donors in cell therapy protocols.

CONCLUDING REMARKS

Evidences in the literature support safety of MSCs treatment
for GVHD, whereas efficacy of this type of cell therapy still
needs further clarification. Efficacy of MSC-based treatment
is more evident for chronic GVHD patients. Double-blind
randomized controlled trials with steroid-refractory GVHD
patients should be designed to better address MSCs efficacy.
Well-defined inclusion/exclusion criteria for patient accrual and
a standardized protocol for GMP production of MSCs should
facilitate multicenter studies and acquisition of faster results
for clinical outcome assessment. Regarding MSCs production,
uniformity in donor age and automated ex vivo expansion
of cells should help minimize product variability. Also, the
choice of potency test is critical in evaluating suitability of
the final product, since the desirable therapeutic effect may
differ among clinical trials. In the case of GVHD, potency tests
addressing MSCs immunomodulatory activity are key factors
for obtaining high quality MSCs for therapeutic purposes.
Allogeneic MSCs transplantation seem highly appropriate for
GVHD treatment, due to the poor clinical condition of
patients for tissue donation and lack of necessity of HLA
match. In this scenario, the clinical use of cryopreserved
third party MSC products offers the additional advantage
of faster cell product availability, compared with autologous
transplantation. Additional tests to address the cytotoxicity of
recipient’s cells toward allogeneic MSCs should help refining
the selection of eligible patients. Distribution of MSC products
stored in cryobanks to different hospitals is also feasible,
allowing potential therapeutic benefits for a greater number of
patients in need.
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Skeletal muscle progenitor cells (SMPCs), also called myogenic progenitors, have been

studied extensively in recent years because of their promising therapeutic potential to

preserve and recover skeletal muscle mass and function in patients with cachexia,

sarcopenia, and neuromuscular diseases. SMPCs can be utilized to investigate the

mechanisms of natural and pathological myogenesis via in vitro modeling and in vivo

experimentation. While various types of SMPCs are currently available from several

sources, human pluripotent stem cells (PSCs) offer an efficient and cost-effective method

to derive SMPCs. As human PSC-derived cells often display varying heterogeneity in

cell types, cell enrichment using cell surface markers remains a critical step in current

procedures to establish a pure population of SMPCs. Here we summarize the cell

surface markers currently being used to detect human SMPCs, describing their potential

application for characterizing, identifying and isolating human PSC-derived SMPCs. To

date, several positive and negative markers have been used to enrich human SMPCs

from differentiated PSCs by cell sorting. A careful analysis of current findings can broaden

our understanding and reveal potential uses for these surface markers with SMPCs.

Keywords: skeletal muscle, skeletal muscle progenitor cells, cell surface markers, human pluripotent stem cells,

human induced pluripotent stem cells, muscular dystrophy, neuromuscular diseases

INTRODUCTION

The most pronounced symptom of neuromuscular disorders is loss of skeletal muscle mass and
strength, which causes functional decline and loss of independence in patients (Morrison, 2016;
Mary et al., 2018). However, muscular deterioration is not always indicative of disease. Age-related
progressive muscle atrophy and reduction of muscle function in healthy older adults is known as
sarcopenia (Santilli et al., 2014; Ogawa et al., 2016; Marzetti et al., 2017). Although both a decrease
in myocyte number (hypoplasia) and size (atrophy) are consistently observed in sarcopenic skeletal
muscle (Deschenes, 2004; Narici and Maffulli, 2010), the precise biological mechanisms driving
the precipitous decline in muscle mass and function are not well-understood. Current treatment
options for these muscle conditions are only palliative, and to date there is no effective cure for any
type of muscle wasting.
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Stem cells offer the potential to become a realistic means
to suppress the aging process in humans. To treat muscle
wasting, stem cell-based therapy is the most attractive approach,
as demonstrated in numerous pre-clinical studies and several
clinical trials (Wilschut et al., 2012; Bajek et al., 2015; Ryder
et al., 2017; Tompkins et al., 2017). For full muscle repair
and regeneration, the formation of contractile muscle units is
required. The obvious candidates for cell therapy are skeletal
muscle progenitor cells (SMPCs, also known as myogenic
progenitors). These cells can differentiate into skeletal myocytes
with high efficiency and terminally achieve the formation
of contractile muscle units, which is required for muscle
repair and regeneration in the implanted muscle. There is
a range of available cell sources to propagate SMPCs in
culture, including from fetal muscle, adult muscle, and non-
muscle somatic tissues. Furthermore, recent advances in stem
cell technology allow us to use human pluripotent stem
cells (PSCs) as a virtually indefinite new cell source for
SMPC preparation. Human PSCs, which include embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs),
can overcome problems associated with expansion to large
cell numbers for clinical use. Therefore, human PSC-derived
SMPCs hold great promise for cell-based therapy to achieve
muscle regeneration.

Not limited for use in cell-based regenerative therapy, human
PSC-derived SMPCs are also available for in vitro modeling to
study normal and pathological mechanisms in human skeletal
muscle. As there is a large void between pre-clinical work
carried out in rodent models and translating these therapies to
humans, utilizing human PSC-derived SMPCs to study muscle
wasting would help bridge the gap in knowledge. While in
vitro culture systems have limitations and cannot completely
recapitulate the complex in vivo milieu, they have powerful
experimental advantages that enable us to study inaccessible
human cell types in a controlled setting. Through in vitro drug
screening using human PSC-derived SMPCs, we can possibly
identify new mechanisms and molecules that have the capacity
to prevent muscle wasting and atrophy during normal aging or
disease processes.

This review catalogs the current findings on cell surface
markers to identify human SMPCs. Here we focus on surface
markers that have been reported in human PSC-derived SMPCs
and compare their expression in other systems. Specific cell
markers and/or cell surface proteins can be used for isolation,
identification, and characterization of viable SMPCs. A better
understanding of how SMPC markers are regulated in vitro and
in vivo can help resolve enduring questions and challenges such
as (1) the origins of SMPCs; (2) signaling mechanisms that drive
lineage progression; (3) optimal isolation techniques; (4) selective
enrichment of populations with clinical relevance, either for in
vitro modeling and/or ex vivo therapy; and (5) potential genetic
manipulations and/or pharmaceutical interventions to correct
deteriorating muscle phenotypes. Similarities or differences
in SMPC surface marker expression might be indicative of
their stemness, myogenic differentiation propensity, and lineage
potential to assume non-myogenic fates.

SKELETAL MUSCLE DEVELOPMENT AND
SMPCS

There are various types of progenitor cells that have the
ability to differentiate into skeletal myocytes. These cells include
muscle satellite cells, muscle-derived stem cells (MDSCs), side
population (SP) cells, mesoangioblasts and pericytes (reviewed
in Hosoyama et al., 2014). Different sources have been used to
propagate SMPCs in culture, including fetal muscle, adult muscle,
non-muscle somatic tissues, and pluripotent stem cells (PSCs).

Skeletal muscle satellite cells are a type of adult SMPC
localized beneath the basal lamina of adult muscle fibers.
Regeneration of postnatal and adult muscles relies on satellite
cells (Mauro, 1961; Starkey et al., 2011; Pallafacchina et al., 2013;
Xu et al., 2015). These cells are mitotically quiescent in adult
muscles. When the muscle is stimulated by stress or trauma,
satellite cells are activated to divide, giving rise to daughter
satellite cells to replenish the quiescent satellite cell pool and/or
to undergo terminal differentiation for muscle repair (Bischoff
and Heintz, 1994; Morgan and Partridge, 2003; Kuang et al.,
2007; Le Grand et al., 2009; Xu et al., 2015). Both quiescent and
activated satellite cells express Pax7 (Seale et al., 2000), whereas
Myf5 is only expressed in activated satellite cells (Crist et al., 2012;
Xu et al., 2015). With the expression of a muscle determinant
factor MyoD, satellite cells are committed to become myoblasts,
or myogenic precursor cells, which then terminally differentiate
into multinucleated myotubes (Tapscott et al., 1988; Bischoff
and Heintz, 1994; Seale et al., 2000; Morgan and Partridge,
2003; Kuang et al., 2007; Le Grand et al., 2009; Crist et al.,
2012).

Muscle-derived stem cells (MDSCs) can be isolated from
adult muscle biopsies by a combination of enzyme digestion and
serial plating to collagen-coated culture plates, as these cells are
less adhesive compared to other cell types in skeletal muscle
(Vella et al., 2011). MDSCs are biologically, biochemically and
genetically distinct from satellite cells (Qu-Petersen et al., 2002;
Alessandri et al., 2004; Deasy et al., 2005; Usas et al., 2011).
Human MDSCs are positive for CD105, CD133, vimentin and
desmin, but negative for CD31, CD34, CD45, FLK-1/KDR, von
Willebrand factor, VE-cadherins, and BCL2 (Alessandri et al.,
2004). On the other hand, murine MDSCs have been known to
express Sca-1 and CD34 (Cao et al., 2003; Deasy et al., 2005).
Human MDSCs induced for myogenic differentiation in culture
express striated-muscle actin, smooth-muscle actin, and desmin
(Alessandri et al., 2004). Intramuscular transplant of human
MDSCs was able to reverse muscle atrophy and promote phrenic
nerve regeneration in pre-injured and immunocompetent alpha-
sarcoglycan null mice (Lavasani et al., 2014). MDSCs can
self-renew and differentiate into various cell types including
non-muscle cells such as astrocytes, neurons, osteoblasts,
chondrocytes, adipocytes, and cardiomyocytes (Deasy et al.,
2001; Alessandri et al., 2004; Usas et al., 2011; Tchao et al.,
2013). As demonstrated in a mouse model of acute hindlimb
injury, multipotent MDSCs can be especially useful when muscle
degeneration affects the myotendinous junction and the muscle-
associated tendon. This is because MDSCs can potentially
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differentiate into fibroblasts or tenocytes to reconstitute the
wasted muscle-tendon units (Hashimoto et al., 2016).

Side population (SP) cells are named after their ability to efflux
the DNA-binding dye Hoechst 33342 and form a side population
on Fluorescence Activated Cell Sorting (FACS) analysis (Goodell
et al., 1996). This cell type was first identified in murine bone
marrow as a subset of hematopoietic stem cells (HSCs; Goodell
et al., 1996). Murine bone marrow SP cells were found to
participate in muscle regeneration (Gussoni et al., 1999). Later,
an isolation protocol was developed to enrich for murine skeletal
muscle SP cells (Gussoni et al., 1999). These murine skeletal
muscle SP cells were also able to replenish the satellite cell pool,
which can contribute to muscle regeneration following systemic
delivery (Gussoni et al., 1999; Asakura et al., 2002; Bachrach
et al., 2006). While significant information is available for murine
SP cells, studies in human skeletal muscle SP cells are relatively
limited due to their scarcity, heterogeneity and difficulty to
expand in vitro. It has been shown that human fetal muscle SP
cells, which express CD146, Myf5, and Pax7, are highly myogenic
and expandable in vitro but retain limited engraftment potential
in vivo (Lapan et al., 2012).

Mesoangioblasts and pericytes are adult progenitor cells
associated with vasculature running through the muscle tissue
with a significant capacity to regenerate skeletal muscle.
Mesoangioblasts are a type of mesodermal stem cell located in the
walls of the embryonic aorta and the vessels of postnatal tissues
(Tonlorenzi et al., 2007). As mesoangioblasts possess strong
myogenic potential, systemic delivery of these cells into the blood
stream enables them to reach and integrate into the target site
of pathological muscles (Sampaolesi et al., 2003; Cossu et al.,
2015). Intramuscular transplantation of muscle-derived CD133+

mesoangioblasts into a mouse cryoinjury model re-populated the
satellite cell niche and was able to activate a regenerative response
after subsequent re-injury (Meng et al., 2014). Interestingly,
mesoangioblasts are known to express angiogenic cell markers
such as CD34, Sca-1, and Fetal Liver Kinase 1 (De Angelis et al.,
1999). Pericytes are embedded within the basement membrane
of micro-vasculatures in adult skeletal muscles (Armulik et al.,
2011; Cappellari and Cossu, 2013). These cells express Myf5 and
Tissue-Nonspecific Alkaline Phosphatase (Dellavalle et al., 2007;
Cappellari and Cossu, 2013).

A number of recent studies acknowledge that human PSCs,
which include ESCs and iPSCs, can serve as a promising source
for SMPC preparation. PSCs have the potential to differentiate
into any cell lineage (Thomson, 1998; Takahashi et al., 2007).
As iPSCs can be prepared using the somatic cells of a patient,
they are a powerful tool for disease modeling, gene correction
and drug screening in culture, and are a robust cell source
for immuno-privileged clinical applications. In the last decade,
SMPCs have been derived from PSCs via either transgene-
based methods (i.e., overexpression of myogenic genes) or
transgene-free approaches (i.e., supplementation of myogenic
growth factors and/or signaling molecules in defined culture)
(reviewed in Jiwlawat et al., 2018). Most protocols aim to
generate satellite cell-like populations because satellite cells
are considered bona fide skeletal muscle stem cells with both
stem-like properties and myogenic activities. When deriving

SMPCs from PSCs, especially via transgene-free approaches, the
resulting cell populations commonly display high heterogeneity.
Therefore, characterization and purification of PSC-derived
SMPCs is crucial to promote culture expansion efficiency and
increase engraftment rate following transplantation (Kim et al.,
2017). Currently available methods for SMPC isolation often
require fixation and intracellular staining, which prevents further
examination of behavior and functionality after sorting. To
preserve the viability of enriched transgene-free SMPCs, isolation
should be based exclusively on unique surface markers that do
not disrupt or compromise the integrity of the cells. Moreover,
profiling by cell surface markers would also be valuable to
identify how PSC-derived SMPCs resemble SMPC types such as
mesoangioblasts, SP cells, and satellite cells.

CELL SURFACE MARKERS TO DEFINE
HUMAN PSC-DERIVED SMPCS

Different molecular signatures are displayed in the SMPCs
derived from various cell sources. Therefore, a profile of cell
surface proteins can be used to define a specific cell type. A cell
isolation procedure can use either positive selection or negative
selection. Positive selection isolates the target cell type from
the entire population, whereas negative selection depletes all
other cell types of the population with only the target cells
remaining. A combined use of different surface markers has
worked successfully to enrich human PSC-derived SMPCs and
deplete undesirable cell types by cell sorting. Although these
individual works support the feasibility of SMPC sorting using
multiple markers, such complicated procedures would critically
dampen enthusiasm for potential therapeutic applications of
PSC-derived SMPCs. In this section, we will introduce cell
surface markers that can positively or negatively identify SMPCs
derived from human ESCs and iPSCs (Table 1); however, this is
not an exhaustive list. We will also summarize the expression
of these markers on SMPCs from the other tissue sources.
For consistency, SMPCs in this review are defined by: (1)
ability to self-renew prior to differentiation induction and upon
differentiation induction; (2) ability to form myofibers; and (3)
expression of at least one proteinmarker that has been commonly
seen in skeletal muscle progenitors, myoblasts, and myocytes. All
cells and tissues mentioned onwards are sourced from humans,
unless specified otherwise.

Positive Surface Markers for Human
SMPCs
CD10

CD10 is commonly recognized as a cancermarker but is also used
to identify specific populations of SMPCs (Maguer-Satta et al.,
2011). This marker represents a type of endopeptidase protein
also known as neprilysin, membrane metallo-endopeptidase,
neutral endopeptidase, or common acute lymphoblastic leukemia
antigen (Maguer-Satta et al., 2011). CD10 is also involved in
hematopoiesis and B cell-innate immunology (Maguer-Satta
et al., 2011). In a recent study using transgene-free PSCs
and Pax7/Myf5 reporter ESCs, CD10+/CD24− cells represented
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TABLE 1 | Common markers to identify SMPCs from human PSCs and muscles.

PSCs Adult muscle Fetal muscle Other sources

(see NOTE)

iPSCs ESCs

Presence References Presence References Presence References Presence References

Positive

markers

CD10 + Wu et al., 2018 + Wu et al., 2018 + Crisan et al., 2008; Lecourt

et al., 2010; Wu et al., 2018

+ Crisan et al., 2008

CD13 + Darabi et al., 2012; Tedesco

et al., 2012

+ Darabi et al., 2012 + Morosetti et al., 2006;

Dellavalle et al., 2007; Crisan

et al., 2008; Lecourt et al.,

2010; Pisani et al., 2010b

+ Crisan et al., 2008;

Castiglioni et al., 2014

CD29 + Awaya et al., 2012; Darabi

et al., 2012; Abujarour et al.,

2014; Magli et al., 2017;

Sakai-Takemura et al., 2018

+ Awaya et al., 2012; Darabi

et al., 2012; Magli et al.,

2017

+ Lecourt et al., 2010; Woodard

et al., 2014; Charville et al.,

2015; Xu et al., 2015; Garcia

et al., 2018*; Lorant et al.,

2018

+ Castiglioni et al., 2014

CD44 + Darabi et al., 2012; Tedesco

et al., 2012; Abujarour et al.,

2014

+ Darabi et al., 2012 + Morosetti et al., 2006;

Dellavalle et al., 2007; Lecourt

et al., 2010; Pisani et al.,

2010b; Lorant et al., 2018

+ Crisan et al., 2008;

Castiglioni et al., 2014

CD54 + Magli et al., 2017 + Magli et al., 2017

CD56 +/– (+): Awaya et al., 2012;

Darabi et al., 2012; Abujarour

et al., 2014; Choi et al.,

2016; Uezumi et al., 2016;

Hicks et al., 2017;

Sakai-Takemura et al., 2018

(–): Darabi et al., 2012;

Awaya et al., 2012;

Tedesco et al., 2012; Uezumi

et al., 2016; Sakai-Takemura

et al., 2018

+/low (+): Barberi et al., 2007;

Awaya et al., 2012; Darabi

et al., 2012; Albini et al.,

2013; Hwang et al., 2014,

Goudenege et al., 2012;

Hicks et al., 2017; Rao et al.,

2018

(low): Caron et al., 2016

+/– (+): Sinanan et al., 2004;

Dellavalle et al., 2007; Zheng

et al., 2007; Crisan et al.,

2008; Lindström and Thornell,

2009; Negroni et al., 2009;

Lecourt et al., 2010; Pisani

et al., 2010a; Okada et al.,

2012; Zheng et al., 2012;

Agley et al., 2013; Bareja

et al., 2014; Marg et al., 2014;

Woodard et al., 2014; Xu

et al., 2015; Alexander et al.,

2016; Franzin et al., 2016;

Uezumi et al., 2016; Garcia

et al., 2018*; Lorant et al.,

2018 (–): Proksch et al., 2009

+ Castiglioni et al., 2014; Hicks

et al., 2017

Placenta

(Park et al.,

2011)

CD63 + Darabi et al., 2012 + Darabi et al., 2012 + Dellavalle et al., 2007

CD73 + Awaya et al., 2012 + Barberi et al., 2005, 2007;

Awaya et al., 2012;

Goudenege et al., 2012

+ Crisan et al., 2008; Lecourt

et al., 2010; Woodard et al.,

2014; Uezumi et al., 2016;

Lorant et al., 2018

CD82 + Uezumi et al., 2016;

Sakai-Takemura et al., 2018

+ Alexander et al., 2016;

Uezumi et al., 2016; Lorant

et al., 2018

+ Alexander et al., 2016

(Continued)
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TABLE 1 | Continued

PSCs Adult muscle Fetal muscle Other sources

(see NOTE)

iPSCs ESCs

Presence References Presence References Presence References Presence References

CD90 + Darabi et al., 2012 + Darabi et al., 2012 +/– (+): Morosetti et al., 2006;

Dellavalle et al., 2007; Zheng

et al., 2007; Crisan et al.,

2008; Lecourt et al., 2010;

Pisani et al., 2010b; Woodard

et al., 2014; Uezumi et al.,

2016; Lorant et al., 2018

(–): Proksch et al., 2009

+ Crisan et al., 2008;

Castiglioni et al., 2014

CD105 +/– (+): Awaya et al., 2012;

Darabi et al., 2012

(–): Sakai-Takemura et al.,

2018

+ Awaya et al., 2012; Darabi

et al., 2012

+/– Lecourt et al., 2010; Pisani

et al., 2010b; Woodard et al.,

2014; Uezumi et al., 2016;

Lorant et al., 2018

(–): Alessandri et al., 2004

+ Crisan et al., 2008 Wharton’s jelly

(Conconi et al.,

2006)

CD146 +/low (+): Darabi et al., 2012;

Tedesco et al., 2012

(Low): Sakai-Takemura et al.,

2018

+ Darabi et al., 2012 +/low (+): Cerletti et al., 2006;

Morosetti et al., 2006;

Dellavalle et al., 2007; Crisan

et al., 2008; Lecourt et al.,

2010; Pisani et al., 2010b;

Okada et al., 2012; Zheng

et al., 2012

(Low): Lorant et al., 2018

+ Cerletti et al., 2006; Lapan

et al., 2012; Alexander et al.,

2016;

Placenta

(Park et al.,

2011)

CD166 + Awaya et al., 2012 + Awaya et al., 2012; Darabi

et al., 2012

+ Lecourt et al., 2010

CD184 +/– (+): Borchin et al., 2013

(–): Awaya et al., 2012;

Darabi et al., 2012

+/– Awaya et al., 2012 + Bareja et al., 2014; Marg

et al., 2014; Garcia et al.,

2018*

+ Castiglioni et al., 2014

CD271 + Hicks et al., 2017;

Sakai-Takemura et al., 2018

+ (+): Borchin et al., 2013 (–):

Awaya et al., 2012; Darabi

et al., 2012

+ Sakai-Takemura et al., 2018* + Alexander et al., 2016; Hicks

et al., 2017

CD318 +/– (+): Sakai-Takemura et al.,

2018

(–): Uezumi et al., 2016

+ Uezumi et al., 2016; Lorant

et al., 2018; Sakai-Takemura

et al., 2018

CD362 + Magli et al., 2017

ErbB3 + Hicks et al., 2017;

Sakai-Takemura et al., 2018

+ Hicks et al., 2017 + Alexander et al., 2016; Hicks

et al., 2017

c-Met +/– (+): Borchin et al., 2013

(–): Sakai-Takemura et al.,

2018

+ Borchin et al., 2013

HLA-ABC + Darabi et al., 2012 + Darabi et al., 2012

ITGA7 + Darabi et al., 2012 + Darabi et al., 2012 + Castiglioni et al., 2014

(Continued)
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TABLE 1 | Continued

PSCs Adult muscle Fetal muscle Other sources

(see NOTE)

iPSCs ESCs

Presence References Presence References Presence References Presence References

Negative

marker

CD15 – Lecourt et al., 2010; Pisani

et al., 2010a; Agley et al.,

2013

CD24 – Wu et al., 2018 – – Wu et al., 2018

CD31 – Darabi et al., 2012; Tedesco

et al., 2012

– Hicks et al., 2017 – Alessandri et al., 2004;

Dellavalle et al., 2007; Bareja

et al., 2014; Charville et al.,

2015; Xu et al., 2015; Garcia

et al., 2018*; Lorant et al.,

2018

– Cerletti et al., 2006;

Castiglioni et al., 2014

CD33 – Darabi et al., 2012 – Borchin et al., 2013

CD34 – Awaya et al., 2012; Darabi

et al., 2012

+/– (+): Hwang et al., 2014 (–):

Awaya et al., 2012; Darabi

et al., 2012

+/– (+): Proksch et al., 2009;

Pisani et al., 2010a; Okada

et al., 2012; Marg et al., 2014;

Sidney et al., 2014

(–): Alessandri et al., 2004;

Morosetti et al., 2006;

Dellavalle et al., 2007; Zheng

et al., 2007, 2012; Crisan

et al., 2008; Negroni et al.,

2009; Lecourt et al., 2010;

Pisani et al., 2010b; Bareja

et al., 2014; Charville et al.,

2015; Franzin et al., 2016;

Garcia et al., 2018*; Lorant

et al., 2018

– Crisan et al., 2008;

Castiglioni et al., 2014

Placenta

(Park et al.,

2011)

Umbilical cord

blood

(Koponen et al.,

2007; Nunes

et al., 2007)

CD45 – Darabi et al., 2012; Tedesco

et al., 2012

– Darabi et al., 2012 – Alessandri et al., 2004;

Morosetti et al., 2006;

Dellavalle et al., 2007; Crisan

et al., 2008; Proksch et al.,

2009; Lecourt et al., 2010;

Okada et al., 2012; Zheng

et al., 2012; Bareja et al.,

2014; Charville et al., 2015;

Xu et al., 2015; Garcia et al.,

2018*; Lorant et al., 2018

– Crisan et al., 2008;

Castiglioni et al., 2014,

Franzin et al., 2016

Placenta

(Park et al.,

2011)

Umbilical cord

blood

(Nunes et al.,

2007)

CD57 – Borchin et al., 2013; Choi

et al., 2016; Hicks et al.,

2017; Sakai-Takemura et al.,

2018

– Darabi et al., 2012

(Continued)

F
ro
n
tie
rs

in
C
e
lla

n
d
D
e
ve
lo
p
m
e
n
ta
lB

io
lo
g
y
|w

w
w
.fro

n
tie
rsin

.o
rg

N
o
ve
m
b
e
r
2
0
1
9
|V

o
lu
m
e
7
|
A
rtic

le
2
8
4

122

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


Tey et al. Surface Markers of Myogenic Progenitors

T
A
B
L
E
1
|
C
o
n
tin

u
e
d

P
S
C
s

A
d
u
lt
m
u
s
c
le

F
e
ta
l
m
u
s
c
le

O
th
e
r
s
o
u
rc
e
s

(s
e
e
N
O
T
E
)

iP
S
C
s

E
S
C
s

P
re
s
e
n
c
e

R
e
fe
re
n
c
e
s

P
re
s
e
n
c
e

R
e
fe
re
n
c
e
s

P
re
s
e
n
c
e

R
e
fe
re
n
c
e
s

P
re
s
e
n
c
e

R
e
fe
re
n
c
e
s

C
D
1
0
6

–
A
w
a
ya

e
t
a
l.,

2
0
1
2
;
D
a
ra
b
i

e
t
a
l.,

2
0
1
2

–
A
w
a
ya

e
t
a
l.,

2
0
1
2
;
D
a
ra
b
i

e
t
a
l.,

2
0
1
2

+
/–

(+
):
S
in
a
n
a
n
e
t
a
l.,

2
0
0
4
;

L
e
c
o
u
rt
e
t
a
l.,

2
0
1
0

(–
):
M
o
ro
se
tt
ie
t
a
l.,

2
0
0
6
;

D
e
lla
va
lle

e
t
a
l.,

2
0
0
7
;
C
ris
a
n

e
t
a
l.,

2
0
0
8
;
P
is
a
n
ie
t
a
l.,

2
0
1
0
b

–
C
ris
a
n
e
t
a
l.,

2
0
0
8

C
D
1
0
8

–
S
a
ka

i-
Ta
ke

m
u
ra

e
t
a
l.,

2
0
1
8

+
S
a
ka

i-
Ta
ke

m
u
ra

e
t
a
l.,

2
0
1
8

H
L
A
-D

R
–

D
a
ra
b
ie
t
a
l.,

2
0
1
2

–
D
a
ra
b
ie
t
a
l.,

2
0
1
2

–
D
e
lla
va
lle

e
t
a
l.,

2
0
0
7

V
E
G
F
R
2

–
D
a
ra
b
ie
t
a
l.,

2
0
1
2
;
Te
d
e
sc
o

e
t
a
l.,

2
0
1
2

–
D
a
ra
b
ie
t
a
l.,

2
0
1
2

–
L
o
ra
n
t
e
t
a
l.,

2
0
1
8

+
,
e
xp
re
s
s
io
n
d
e
te
c
te
d
(>
4
0
%

o
r
n
o
t
s
p
e
c
ifi
e
d
);
lo
w
,
e
xp
re
s
s
io
n
d
e
te
c
te
d
b
u
t
lo
w
(2
0
–
4
0
%
);
–
,
e
xp
re
s
s
io
n
n
o
t
d
e
te
c
te
d
o
r
ve
ry
lo
w
(<
2
0
%
).
T
h
e
O
th
e
r
s
o
u
rc
e
s
c
o
lu
m
n
lis
ts
th
e
s
o
u
rc
e
s
w
h
e
re

e
xp
re
s
s
io
n
o
f
“p
o
s
it
iv
e
m
a
rk
e
rs
”
w
a
s

d
e
te
c
te
d
a
n
d
e
xp
re
s
s
io
n
o
f
“n
e
g
a
ti
ve

m
a
rk
e
rs
”
w
a
s
n
o
t
d
e
te
c
te
d
.
* S
tu
d
ie
s
w
e
re
d
o
n
e
u
s
in
g
p
o
s
tn
a
ta
l
m
u
s
c
le
(C
ri
s
a
n
e
t
a
l.,
2
0
0
8
);
m
id
te
rm

p
la
c
e
n
ta
,
fe
ta
l
a
n
d
a
d
u
lt
m
u
s
c
le
,
fe
ta
l
s
ki
n
,
fe
ta
l
a
n
d
a
d
u
lt
p
a
n
c
re
a
s
,
fe
ta
l
b
o
n
e
m
a
rr
o
w
,
fe
ta
l

a
n
d
a
d
u
lt
a
d
ip
o
s
e
ti
s
s
u
e
(F
ra
n
zi
n
e
t
a
l.,
2
0
1
6
);
fe
ta
lt
is
s
u
e
s
,
in
c
lu
d
in
g
s
ke
le
ta
lm

u
s
c
le
,
m
yo
c
a
rd
iu
m
,
s
ki
n
,
p
a
n
c
re
a
s
,
b
ra
in
,
b
o
n
e
m
a
rr
o
w
.

the SMPC population (Wu et al., 2018). However, CD10
expression does not always correspond to SMPCs. A study
using adult human muscle showed that ∼80% of Pax7+ cells
expressed CD10, suggesting that not all adult satellite cells
express CD10 (Wu et al., 2018). Human primary myoblasts also
uniformly express CD10 (∼97%) (Wu et al., 2018). When a
CD146+/CD34−/CD45−/CD56− cell subset was isolated from
multiple human organs, co-expression of CD10 was identified in
the isolated cells (Crisan et al., 2008).

CD13

CD13 is also known as aminopeptidase N, alanyl aminopeptidase
or lamina-associated polypeptide 1. This marker was initially
found to regulate adhesion and differentiation of muscle satellite
cells following ischemic injury in mice (Rahman et al., 2014).
CD13 plays important roles for the migration of cancer and
endothelial cells (Kehlen et al., 2003; Fukasawa et al., 2006).
In the human brain, CD13 is expressed on capillary pericytes
(Smyth et al., 2018). Although CD13 has not been studied
much in the context of human myogenic cells, one study
reported that human adult pericytes were almost homogeneously
positive (∼97%) for CD13 (Dellavalle et al., 2007). Positive CD13
expression has also been detected in SMPCs derived from human
PSCs (Darabi et al., 2012; Tedesco et al., 2012), adult muscle
(Morosetti et al., 2006; Dellavalle et al., 2007; Lecourt et al.,
2010; Pisani et al., 2010b), and fetal muscle (Castiglioni et al.,
2014). Similar to CD10, co-expression of CD13 was observed
in the CD146+/CD34−/CD45−/CD56− cell subset isolated from
multiple human organs (Crisan et al., 2008).

CD29

CD29, or integrin beta-1, is a well-established marker widely
utilized to isolate or identify human myogenic cells. CD29
expression has been confirmed in PSC-derived SMPCs (Awaya
et al., 2012; Darabi et al., 2012; Abujarour et al., 2014; Magli et al.,
2017; Sakai-Takemura et al., 2018), fetal muscle (Castiglioni et al.,
2014), postnatal muscle (Garcia et al., 2018), and adult muscle
(Lecourt et al., 2010; Woodard et al., 2014; Charville et al., 2015;
Xu et al., 2015; Lorant et al., 2018). An isoform of CD29, integrin
beta-1D, has been shown to be severely reduced in patients with
limb girdle muscular dystrophy type 2C (Anastasi et al., 2004)
or sensitive-motor polyneuropathy (Anastasi et al., 2008). These
results imply that normal levels of CD29 may be required for
maintenance of healthy skeletal muscle.

In healthy adult skeletal muscle, all Pax7+ satellite cells
displayed co-expression of CD56 and CD29, although a
population of CD56+/CD29+ cells without Pax7 expression was
still identified (Xu et al., 2015). Compared to an unselected
cell population, CD56+/CD29+ cells exhibited a higher level
of myofiber regeneration following cell transplantation into
the pre-injured hindlimb muscle (tibialis anterior muscle)
of immunodeficient NOD scid gamma (NSG) mice. In
contrast, CD56−/CD29+ cells showed insufficient or non-
existent myofiber regeneration (Xu et al., 2015). This study
indicates that CD29 should be used in combination with other
markers to define human SMPCs, as not only satellite cells but
the myofiber and some non-muscle cells within skeletal muscle
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tissue also expressed CD29 (Xu et al., 2015). In a different
study, when CD31−/CD34−/CD45−/CD29+/ epidermal growth
factor receptor (EGFR)+ cells were isolated from human adult
skeletal muscle, these cells expressed a series of myogenic cell
markers such as Pax7, Pax3, Myf5, MyoD, Myogenin, and
Myocyte Enhancer Factor 2C. Further, the isolated cells can
differentiate into myotubes in vitro and when transplanted into
NSG mice (Charville et al., 2015). In contrast, the remaining
fraction (i.e., unselected cells) did not give rise to any Pax7+

cells and did not exhibit myogenic activity in culture, further
supporting the notion that CD29 can indeed efficiently enrich
myogenic cells when used in combination with other markers
(Charville et al., 2015).

A study using an inducible gene expression system
demonstrated that the expression of CD29/Integrin alpha-9
dimer (α9β1) was upregulated in human PSCs following Pax7
induction (Magli et al., 2017). In this study, Pax7-overexpressing
cells were tagged with a green fluorescent protein (GFP) reporter
protein using a Pax7 promotor. When α9β1+/CD54+ cells
were isolated from Pax7-overexpressing PSCs, ∼95% of cells
were CD362-positive, and nearly 100% of GFP+ cells were
triple positive (α9β1+/CD54+/CD362+). The triple positive
cells demonstrated robust regenerative capacity in vivo, as
human-specific satellite cells and myofibers were confirmed
in the muscle of NSG mice at 10 months post-transplantation
(Magli et al., 2017).

CD44

CD44 is also known as homing cell adhesion molecule, P-
glycoprotein 1, lymphocyte homing receptor, extracellular matrix
receptor III or HUTCH-1. The expression of CD44 is commonly
seen in mesenchymal stem cells (MSCs) (Ramos et al., 2016),
tenocytes (Scutt et al., 2008; Lui, 2015; Stolk et al., 2017), HSCs,
and cancer stem cells (Thapa and Wilson, 2016; Senbanjo and
Chellaiah, 2017). CD44 has also been detected on SMPCs from
different cell sources, including PSCs (Darabi et al., 2012; Tedesco
et al., 2012; Abujarour et al., 2014), adult muscle (Morosetti
et al., 2006; Dellavalle et al., 2007; Lecourt et al., 2010; Pisani
et al., 2010b; Lorant et al., 2018), and fetal muscle (Crisan et al.,
2008; Castiglioni et al., 2014). Although CD44 expression in
SMPCs was already verified in a number of previous works, this
marker has not been tested to isolate or characterize human
SMPCs by FACS. Interestingly, CD44 interacts with hyaluronan
and activates EGFR signaling (Thapa and Wilson, 2016), which
suggests that CD44 may play a significant role in the process of
myogenesis through the EGFR-mediated pathway (Leroy et al.,
2013). As an additional note, CD44 expression was identified in
the endomysium of adult skeletal muscle (Lecourt et al., 2010).

CD54

CD54 (intercellular adhesion molecule 1, ICAM-1) is a
glycoprotein typically expressed on endothelial cells and
leukocytes (Zadeh et al., 2000; Long, 2011). CD54 expression
is absent in healthy human muscle but detected in patients
with inflammatory myopathies (Bartoccioni et al., 1994; De
Bleecker and Engel, 1994; Marino et al., 2003). Treatment
with various cytokines can induce CD54 expression in cultured

human skeletal muscle cells (Goebels et al., 1992; Michaelis
et al., 1993; Bartoccioni et al., 1994; Marino et al., 2001). One
study reported that CD54 was upregulated by inducible Pax7
overexpression in human PSCs (Magli et al., 2017). Chromatin
immunoprecipitation sequencing (ChIP-Seq) data revealed that
Pax7 binds the 5′ region of the CD54 gene, suggesting that Pax7
directly regulates CD54 gene expression. Using the PSCs with
inducible Pax 7 expression, CD54+/CD362+/integrin α9β1+

cells were able to repopulate the satellite cell pool and generate
new muscle fibers in an NSG mouse model at 10 months post-
transplantation. In the same study, the potential of CD54 as a sole
marker was also evaluated for SMPC isolation. When using the
PSCs with a GFP reporter gene driven by a Pax7 promotor, GFP+

cells were highly enriched by CD54-based selection. Notably,
the isolated cells exhibited robust muscle differentiation in vivo
without any signs of teratoma formation even after 12 months of
transplantation in NSG mice (Magli et al., 2017).

CD56

CD56, or neural cell adhesion molecule (NCAM), has been
utilized for isolation and identification of human myogenic cells
in an extensive list of publications. CD56 expression is observed
on SMPCs derived from PSCs (Barberi et al., 2007; Awaya et al.,
2012; Darabi et al., 2012; Goudenege et al., 2012; Albini et al.,
2013; Abujarour et al., 2014; Hwang et al., 2014; Caron et al.,
2016; Choi et al., 2016; Uezumi et al., 2016; Hicks et al., 2017; Rao
et al., 2018; Sakai-Takemura et al., 2018) postnatal muscle (Garcia
et al., 2018), adult muscle (Sinanan et al., 2004; Dellavalle et al.,
2007; Zheng et al., 2007, 2012; Crisan et al., 2008; Lindström and
Thornell, 2009; Negroni et al., 2009; Proksch et al., 2009; Lecourt
et al., 2010; Pisani et al., 2010a; Okada et al., 2012; Agley et al.,
2013; Bareja et al., 2014; Marg et al., 2014; Woodard et al., 2014;
Xu et al., 2015; Alexander et al., 2016; Franzin et al., 2016; Uezumi
et al., 2016; Lorant et al., 2018), fetal muscle (Castiglioni et al.,
2014; Hicks et al., 2017), and placenta (Park et al., 2011).

It has been deduced previously that CD56+/Pax7− cells in
adult muscle could represent activated satellite cells or myoblasts
(Lindström and Thornell, 2009). Alongside other markers, CD56
expression has been used to enrich SMPCs, in which the isolated
populations were able to formmyotubes at high efficiency in vitro
and/or contribute to muscle regeneration in vivo (Sinanan et al.,
2004; Barberi et al., 2007; Dellavalle et al., 2007; Zheng et al.,
2007, 2012; Crisan et al., 2008; Lecourt et al., 2010; Pisani et al.,
2010a; Okada et al., 2012; Bareja et al., 2014; Castiglioni et al.,
2014; Woodard et al., 2014; Xu et al., 2015; Alexander et al., 2016;
Choi et al., 2016; Uezumi et al., 2016; Hicks et al., 2017; Lorant
et al., 2018). CD56 expression was also used to identify and
confirm SMPC fractions in the purified cells using other surface
markers (Negroni et al., 2009; Proksch et al., 2009). Genetic
analysis revealed that when compared to whole populations, both
CD56+ cultured fetal myocytes and human PSC-derived SMPCs
highly expressed genes associated with myogenesis, embryonic
development and cell migration (Hicks et al., 2017).

However, several other studies indicate that CD56−

cells may also contain SMPCs. A population of
CD146+/CD34−/CD45−/CD56− cells were isolated from
multiple human organs (Crisan et al., 2008) and placenta
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(Crisan et al., 2008; Park et al., 2011). The isolated cells,
specifically named “perivascular cells” in these studies,
were able to form multinucleated Myosin heavy chain
(MyHC)+/desmin+/dystrophin+ myotubes in vitro as well
as human spectrin+/human dystrophin+ myofibers and new
blood vessels in vivo. After myogenic differentiation was
induced in culture, these CD146+/CD34−/CD45−/CD56−

cells showed upregulated CD56 expression (Park et al., 2011).
These cells were also able to differentiate into myotubes,
chondrocytes, adipocytes and osteocytes upon appropriate
inductions in culture (Crisan et al., 2008). In another report,
CD146+/CD45−/CD56−/UEA-1R− cells could generate a high
number of human spectrin+ myofibers in an immunodeficient
mouse model (Severe Combined Immunodeficiency, SCID;
Zheng et al., 2012). Termed “endothelial cells” in the specific
study, a CD45−/CD56−/CD34+/CD144+ population derived
from adult muscle formed MyHC+ myotubes in vitro and
a low number of human spectrin+ myofibers in vivo
(Okada et al., 2012). More than half of these “endothelial
cells” eventually expressed CD56 after expansion in culture
(Okada et al., 2012).

The absence of CD56 expression may indicate diminished
myogenic potential and increased adipogenic potential.
In separate reports, CD56−/TE-7+, CD56−/CD15+,
CD56−/CD34+, and CD56−/CD34− cells derived from
adult muscle were differentiated into adipoblasts but not
myotubes (Zheng et al., 2007; Lecourt et al., 2010; Pisani et al.,
2010a,b). When adult muscle-derived CD56−/CD29+ SMPCs
were transplanted into NSG mice, human cell-derived myofibers
were detected in only 1 out of 7 recipients, probably reflecting
contamination with the CD56+/CD29+ fraction or a very limited
myogenic potential of CD56−/CD29+ cells (Xu et al., 2015).

Based on these findings, CD56 expression seems to be
identified in cells with a high capacity to differentiate intomuscle,
but if used alone may not work to enrich human SMPCs as a
highly purified population.

CD73

Expression of CD73 (or ecto-5′-nucleotidase) has been
detected in growth plates, articular cartilage, and hypertrophic
chondrocytes (Coutu et al., 2017). CD73 is considered a marker
of tenocytes (Lui, 2015; Stolk et al., 2017), MSCs (Ramos et al.,
2016), vascular smooth muscle cells (Tamajusuku et al., 2006;
Yang et al., 2015), and cancer cells (Gao et al., 2014). Although
CD73 has not been frequently used for SMPC identification, its
expression was found almost homogenously on SMPCs derived
from several sources, including human PSCs (Awaya et al.,
2012), MyoD-overexpressing human ESCs (Goudenege et al.,
2012), and adult muscle (Woodard et al., 2014). These SMPCs
expressed CD73, even though CD73 was not initially used for cell
isolation (Crisan et al., 2008; Lecourt et al., 2010; Uezumi et al.,
2016; Lorant et al., 2018). It has been reported that myogenic cells
resided in the CD73+ fraction of ESC-derived MSCs, and that
these cells were able to differentiate into myotubes, adipocytes,
chondrocytes and osteoblasts in vitro (Barberi et al., 2005, 2007).

CD82

CD82, also known as Tespan-27, is a member of the tetraspanin
protein family primarily identified as a metastasis suppressor
(Tonoli and Barrett, 2005). Recently, CD82 has become a popular
marker to use in identifying SMPCs, as this cell surface protein is
expressed on SMPCs derived from human PSCs (Uezumi et al.,
2016; Sakai-Takemura et al., 2018), adult muscle (Alexander et al.,
2016; Uezumi et al., 2016; Lorant et al., 2018) and fetal muscle
(Alexander et al., 2016). In healthy adult muscle, CD82 was
detected on ∼97% of Pax7+ or M-cadherin+ satellite cells and
a small number of interstitial cells (Uezumi et al., 2016). CD82
expression is also maintained in activated and differentiating
myogenic cells (Alexander et al., 2016). This marker can be used
alone to enrich SMPCs with high regenerative capacity post-
transplantation (Uezumi et al., 2016).When thismarker was used
alongside CD146 and CD56 on separate occasions, increased
myogenic activity was observed in the CD82+ fractions both in
vitro and in vivo (Alexander et al., 2016; Uezumi et al., 2016).

Recent studies support the idea that CD82may play significant
roles during the process of myogenesis. Overexpression of
CD82 molecules enhanced muscle differentiation in primary
myoblasts (Alexander et al., 2016), whereas its downregulation
decreased their proliferation and differentiation (Alexander et al.,
2016; Uezumi et al., 2016). In CD56+/CD82+ myogenic cells
purified from human muscle, knockdown of CD82 increased the
transcription of MyoD1 and Myogenin and led to premature
differentiation even under culture conditions ideal for cell
growth (Uezumi et al., 2016). Interestingly, a p38 inhibitor
could suppress upregulation of MyoD1 and Myogenin induced
by CD82 knockdown. These results implicate that CD82 likely
regulates the balance between differentiation and self-renewal of
SMPCs via a p38-mediated signaling pathway (Uezumi et al.,
2016). CD82 forms a protein complex with integrin α7β1
and α-sarcoglycan, both of which have been linked to muscle
disorders (Alexander et al., 2016). The muscles from patients
with Duchenne muscular dystrophy (DMD) commonly showed
a reduced expression of CD82, which suggests that this molecule
may play essential roles of SMPC function in the process of
muscle degeneration (Alexander et al., 2016).

CD90

CD90/Thy1 is a glycophosphatidylinositol-anchored
glycoprotein frequently used as an MSC marker (Ramos
et al., 2016). CD90 is also expressed on tenocytes (Scutt et al.,
2008; Lui, 2015; Stolk et al., 2017), endothelial cells, HSCs, and
in developing nervous tissues (Wetzel et al., 2004). A number of
studies reported that CD90 expression was detected in SMPCs
derived from human PSCs (Darabi et al., 2012), adult muscle
(Morosetti et al., 2006; Dellavalle et al., 2007; Zheng et al., 2007;
Proksch et al., 2009; Lecourt et al., 2010; Pisani et al., 2010b;
Woodard et al., 2014; Uezumi et al., 2016; Lorant et al., 2018),
and fetal muscle (Crisan et al., 2008; Castiglioni et al., 2014).
In human adult muscle, CD90+ cells were also identified in the
endomysium and adventitia of venous blood vessels (Lecourt
et al., 2010). When culture-expanded satellite cells were sorted
into CD34+/CD90−, CD34−/CD90−, and CD34−/CD90+
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fractions, all three fractions expressed myogenic markers (Myf-5,
MyoD, and Myogenin) as well as endothelial markers (CD31 and
von Willebrand factor) (Proksch et al., 2009). Although CD90
expression was confirmed throughout various types of SMPCs, it
remains inconclusive whether CD90 alone could represent the
entirety of the SMPC population.

CD105

CD105 (endoglin, Src Homology 2) is a well-acknowledged
marker of endothelial cells. This molecule plays a crucial role
in angiogenesis and tumor growth (Fonsatti et al., 2010). Not
limited to endothelial cells, the expression of CD105 is also
identified in various types of SMPCs. This includes SMPCs
derived from PSCs (Awaya et al., 2012; Darabi et al., 2012),
adult muscle (Alessandri et al., 2004; Lecourt et al., 2010;
Pisani et al., 2010b; Woodard et al., 2014; Uezumi et al., 2016;
Lorant et al., 2018), and fetal muscle (Crisan et al., 2008),
although the level of CD105 expression ranged widely from
rare to ubiquitous in different types of progenitor cells. In adult
muscle, CD105 was expressed in the sinusoidal endothelium and
endomysium (Lecourt et al., 2010; Coutu et al., 2017). When
CD105+/CD31−/KDR− cells were isolated from Wharton’s jelly
(a gelatinous substance within the umbilical cord) and implanted
into the muscle of Lewis male rats, the grafted cells were
positive with sarcomeric tropomyosin, a protein that regulates
muscle contraction, at 2 weeks post-transplantation (Conconi
et al., 2006). These results indicate that the grafted CD105+

cells could generate functional muscle fibers. Further, these
CD105+/CD31−/KDR− cells were able to differentiate into
myotubes, adipocytes and osteoblasts in vitro. In other studies,
CD105was also found on human tenocytes (Lui, 2015; Stolk et al.,
2017). As such, CD105 may likely be indicative of mesodermal
progenitor cells with multilineage potential.

CD146

CD146 (or melanoma cell adhesion molecule, MCAM) is well-
studied for its important role in development, cell migration,
immunology, angiogenesis, cancer progression, and myogenesis
(Wang and Yan, 2013). In adult muscle, CD146 expression has
been observed in the endomysium (Lecourt et al., 2010). In fetal
skeletal muscle, CD146+ cells were found adjacent to myofibers
and within blood vessels. These CD146+ cells were also positive
for M-Cadherin, Pax7, and MyoD (Cerletti et al., 2006).

CD146 expression has been detected on SMPCs derived from
PSCs (Darabi et al., 2012; Tedesco et al., 2012; Sakai-Takemura
et al., 2018), adult muscle (Cerletti et al., 2006; Morosetti et al.,
2006; Dellavalle et al., 2007; Crisan et al., 2008; Lecourt et al.,
2010; Pisani et al., 2010b; Okada et al., 2012; Zheng et al., 2012;
Lorant et al., 2018), fetal muscle (Cerletti et al., 2006; Crisan et al.,
2008; Lapan et al., 2012; Alexander et al., 2016), and placenta
(Park et al., 2011). It has been reported that the CD146+ fraction
of SMPCs derived from adult muscle, fetal muscle and placenta
contained cells with higher myogenic potential (Cerletti et al.,
2006; Crisan et al., 2008; Park et al., 2011; Zheng et al., 2012;
Alexander et al., 2016).

When both SP and main population (MP) cells were selected
from human fetal muscle cells by scatter gating following

FACS analysis, the CD146-based selection could enrich a
population of myogenic cells. However, freshly isolated cells
remained heterogenous: only ∼50% of CD146+ SP and MP
cells expressed Pax7, Myf5, or MyoD (Lapan et al., 2012).
If SP and MP cells were sorted based on CD146 expression
and then maintained in culture conditions that favored muscle
differentiation, only CD146+ cell populations showed myotube
formation. Interestingly, the highest number of myotube-positive
cells was observed in the CD146+ SP fraction. Furthermore,
CD146− cell fractions subsequently acquired CD146 expression
during expansion in culture but did not acquire myogenic
potential (Lapan et al., 2012). These observations suggest that
myogenic lineage enrichment based on CD146 may only be
useful for freshly isolated cells. When transplanted into NOD
mice, CD146+ SP cells exhibited high muscle regenerative
capacity and gave rise to new human muscle fibers, whereas
CD146+ total cells (i.e., a population containing both MP and SP
cells) and CD146+ MP cells showed low engraftment rate (Lapan
et al., 2012).

CD184

CD184, or commonly recognized as C-X-C chemokine receptor
type 4 (CXCR-4), is a molecule with potent chemotactic activity
for lymphocytes. It is crucial for homing hematopoietic stem
cells to their adult marrow (Villa et al., 2012). CD184 is widely
expressed on blood cells, endothelial cells, and neural cells
(Walenkamp et al., 2017). CD184 expression is also confirmed
on PSC-derived SMPCs (Borchin et al., 2013) as well as in adult
muscle (Bareja et al., 2014; Marg et al., 2014; Garcia et al., 2018)
and fetal muscle (Castiglioni et al., 2014).

As CD184 is also expressed in neural cells (Kos et al., 1999)
and definitive endoderm cells (Teo et al., 2012), a combination
of CD184 and other cell markers would be necessary to
eliminate these non-myogenic cell types in PSC-derived cell
populations. For instance, one study used the depletion of
CD57+ cells and c-Met− cells to sufficiently exclude neural
cells among the CD184+ cell population (Borchin et al., 2013).
In this study, CD57−/acetylcholine receptor (AChR)− cells
were purified from differentiated PSCs and then sorted into
c-Met+/CD184+, c-Met+/CD184−, c-Met−/CD184+, and
c-Met−/CD184− fractions. Immunocytochemical analysis
immediately after sorting revealed that both c-Met+/CD184+

and c-Met+/CD184− fractions contained highly pure SMPCs.
In contrast, c-Met−/CD184+ fraction contained both SMPCs
and SOX1+ neural cells, and c-Met−/CD184− fraction did
not have any SMPCs. Although CD184 alone could not enrich
SMPCs, CD184 expression may be indicative of myogenic
lineage progression. Interestingly, both c-Met+/CD184+

and c-Met+/CD184− fractions expressed early myogenic
genes Six4 and Pax3 (paralogue of Pax7) at day 23 of post-
myogenic differentiation of PSCs (Borchin et al., 2013). Both
c-Met+/CD184+ and c-Met+/CD184− cells gradually acquired
Pax7 expression by day 25, and almost all these cells exhibited
co-expression of Pax3 and Pax7 by day 35. At this point, the
number of Pax7-positive cells was higher in c-Met+/CD184+

cells compared to c-Met+/CD184− cells, while 97–98% of cells
still retained Pax3 expression in both preparations. As Pax7 has
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been considered a later-stage marker of myogenic progenitors
compared to Pax3, a specific population in c-Met+/CD184+ cells
might have proceeded farther along the differentiation process.
On the other hand, c-Met+/CD184− cells might represent a
more primitive SMPC population than c-Met+/CD184+ cells.
Furthermore, gene-expression analysis confirmed the presence
of Pax3 and Pax7 mRNA transcripts together with LBX1 in
both c-Met+/CD184+ and c-Met+/CD184− sorted populations.
These in vitro results seem to be consistent with the situations
observed during in vivomuscle development: within the hypaxial
domain of the embryonic dermomyotome, the delamination
of Pax3+/LBX1+ migratory muscle precursors is dependent
on c-Met expression (Bladt et al., 1995; Dietrich et al., 1999),
whereas CD184 is essential for the subsequent survival and
distribution of precursors at the site of migration (Vasyutina
et al., 2005; Buckingham, 2006).

CD271

CD271, also known as p75 neurotrophin receptor or low-
affinity nerve growth factor receptor (p75NGFR), has recently
been recognized as a positive marker to identify SMPCs and
MSCs (Álvarez-Viejo et al., 2015; Sakai-Takemura et al., 2018).
This surface marker was first reported as a candidate SMPC
marker in a study when CD271 expression was detected in
culture-expanded postnatal myoblasts but not in fibroblasts
(Sakai-Takemura et al., 2018). When terminally differentiated,
myotubes were exclusively formed in the CD271+ fraction of
iPSC-derived SMPCs although some CD271+ cells remained
non-myogenic (Sakai-Takemura et al., 2018). The progenitor
cells sorted with a combination of CD271+ and other markers
(CD57−/CD108−/ErbB3+) were able to generate myofibers with
high efficiency in vitro and in vivo (Sakai-Takemura et al.,
2018). The other group prepared CD271+ SMPCs from DMD
patient-derived iPSCs (DMD iPSCs) that had been genetically
corrected by CRISPR/Cas9 technology. These CD271+ SMPCs
exhibited superior myotube-forming potential; even higher than
the cells in the CD56+, CD146+, or CD184+ fractions (Hicks
et al., 2017). In a different study, SMPCs derived from four
human PSC lines (ESCs, wild type iPSCs, DMD iPSCs, and
genetically corrected DMD iPSCs) commonly expressed CD271
and ErbB3. These CD271+/ErbB3+ cells displayed significantly
higher expression of myogenic genes and increased efficiency of
skeletal muscle differentiation (Hicks et al., 2017). When using
genetically corrected DMD iPSC-derived CD271+ cells, the cells
showed better engraftment in the muscle of dystrophin-deficient
NSG mice compared to CD56+ cells (Hicks et al., 2017).

At early developmental stages before any other myogenic
surface markers are presented on muscle progenitors,
CD271/ErbB3-based isolation can be used to enrich Pax7+

cells and Myf5+ cells from human fetal muscles (Hicks et al.,
2017). At 8 weeks of gestation, a CD271+/ErbB3+ subpopulation
emerged in the muscle with expression of myogenic transcription
factors. At 11 weeks, the CD271+/ErbB3+ subpopulation began
to co-express some cell surface markers such as CD56, CD82,
and CD146. These cells then started losing CD271 expression at
16 weeks of gestation. When CD271+/ErbB3+ cells were isolated
at this time point, plated down, and differentiated in culture, the

cells could form myotubes with nearly 100% efficiency in cell
fusion (Hicks et al., 2017). Such changes of CD271 expression
have been characterized during transitions from early to late
waves of human fetal myogenesis, which also correlates to
the development of primary limb myofibers or maturation of
secondary fetal myofibers (Hicks et al., 2017). CD271/ErbB3
expression can be used to distinguish premature SMPCs from
more committedMyoD+ myocytes (Hicks et al., 2017). Together,
these data supports the idea that CD271 can be used as a positive
selection marker to enrich human PSC-derived SMPCs.

However, we should bear in mind that CD271 expression
may not always correlate to a capacity of muscle differentiation
in human PSC-derived SMPCs. A recent study, which had used
a double reporter ESC line driven by Pax7 and Myf5 promoter
genes, revealed that CD271+/ErbB3+, CD271+/ErbB3−, and
CD271−/ErbB3+ fractions contained similar proportions
of Pax7+ and Myf5+ cells (Wu et al., 2018). When
CD271+/ErbB3+, CD271+/ErbB3−, and CD271−/ErbB3+

fractions were sorted from Pax7/Myf5 dual reporter ESCs and
terminally differentiated in vitro, all three fractions exhibited
similar proportions of MyHC+ cells and displayed similar
myotube formation efficiency (Wu et al., 2018).

ErbB3

As mentioned in the previous section, ErbB3 has also been
used as a surface marker to efficiently purify human PSC-
derived SMPCs (Hicks et al., 2017; Sakai-Takemura et al., 2018).
ErbB3, also known as human epidermal growth factor receptor
3, is widely expressed in a variety of organs during human
development, including skin, bone, muscle, nervous system,
lungs, and intestines (Coussens et al., 1985). ErbB3 is also
expressed in human fetal CD146+ cells which demonstrate high
myogenic capacity (Alexander et al., 2016). When iPSC-derived
SMPCs were sorted solely based on ErbB3 expression, myotubes
were exclusively formed in the enriched ErbB3+ population
following terminal differentiation in culture (Sakai-Takemura
et al., 2018). ErbB3-based cell sorting could enrich myogenic
cells much more efficiently compared to the isolation using a
combination of CD56 and CD82 expression (Sakai-Takemura
et al., 2018). In a different study, isolated iPSC-derived SMPCs
with CD57−/CD108−/CD271+/ErbB3+ or CD271+/ErbB3+

were able to differentiate into myotubes with high efficiency in
culture and in vivo (Sakai-Takemura et al., 2018). In a similar
study using genetically corrected DMD iPSC-derived SMPCs,
ErbB3+ cells displayed high potential for myotube formation
compared to the cells solely sorted by CD56, CD146, CD184,
or CD271 expression (Hicks et al., 2017). When ErbB3+ cells
were prepared from four PSC lines (ESCs, wild type iPSCs,
DMD iPSCs, and genetically corrected DMD iPSCs), all ErbB3+

cells from the four PSC lines were positive with CD271.
These ErbB3+/CD271+ SMPC lines exhibited higher capacity
for muscle differentiation than double-negative fractions (Hicks
et al., 2017). When iPSC-derived SMPCs were transplanted into
the limbmuscle of dystrophin-deficient NSGmice, the implanted
cells promoted significant engraftment and restored dystrophin
expression in the grafted area (Hicks et al., 2017).
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As we already introduced in the section on CD271,
CD271/ErbB3 expression can be used to enrich Pax7+

and Myf5+ cells from fetal muscles at the first and second
trimesters of human development (Alexander et al., 2016).
A CD271+/ErbB3+ subpopulation began to emerge in fetal
muscle at 8 weeks of gestation and gradually increased
the expression of myogenic genes (Hicks et al., 2017).
If CD271+/ErbB3+ cells were isolated at 16 weeks of
gestation, the cells could differentiate into myotubes with
a fusion efficiency close to 100% when plated down and
differentiated in culture (Hicks et al., 2017). The changes in
CD271+/ErbB3+ expression possibly mark the progression of
human fetal myogenesis.

Similar to CD271, ErbB3 expression is not always
indicative of higher myogenic potential in human PSC-
derived SMPCs. In another study, ESC-derived cells were
sorted to three fractions based on CD271 and ErbB3 expression
(CD271+/ErbB3+, CD271+/ErbB3−, and CD271−/ErbB3+)
and then myogenic differentiation was induced. Among
the three fractions, there was no difference in the number
of Pax7+ cells and Myf5+ cells (Wu et al., 2018). When
ESC-derived Pax7/Myf5 double reporter cells were sorted
into three fractions and the cells in these fractions were
plated for myotube differentiation, neither the efficiency
of myotube formation nor the percentage of MyHC+

cells were different when compared between three fractions
(Wu et al., 2018).

CD318

CD318, also known as CUB domain-containing protein 1
(CDCP1) or transmembrane and associated with Src kinases
(TRASK), is present on epithelial cells (Spassov et al., 2009),
hematopoietic cells (Conze et al., 2003), MSCs (Buhring et al.,
2004), and tumor cells (Uekita and Sakai, 2011). Some recent
studies reported CD318 expression in myogenic cells. In satellite
cells, cytoplasmic expression of CD318 was detected in ∼75% of
total cells (Uezumi et al., 2016). Pax7+/MyoD1+ adult muscle-
derived SMPCs grown in hypoxic conditions were reportedly
only found in the CD318+ fraction (Uezumi et al., 2016). Inmice,
satellite cells and myofibers positive with human cell specific
markers were observed in recipients of CD318+ adult muscle-
derived cells, but rarely in recipients of CD318− cells (Uezumi
et al., 2016). In contrast, it remains controversial whether
CD318 can specifically identify SMPC pools in differentiated
human iPSCs. To date, both the presence (Sakai-Takemura
et al., 2018) and absence (Uezumi et al., 2016) of CD318
expression have been reported in two different studies. Such
controversial results in CD318 expression may be caused by
differences in culture conditions like oxygen concentration, as
several studies demonstrated that CD318 expression was changed
by hypoxia (Razorenova et al., 2011; Emerling et al., 2013;
Cao et al., 2015). Since commercially available myoblasts and
iPSC-derived cells cultured in normoxic conditions showed
diminished or undetectable CD318 expression, CD318-based
sorting failed to enrich myogenic cells in iPSC-derived SMPCs
(Uezumi et al., 2016).

Negative Surface Markers for Human
SMPCs
The negative markers listed in Table 1 are typically absent on
human SMPCs but mainly present on non-myogenic cell types.
As the markers on their own are usually not indicative of
SMPC properties, the cells positive with these markers should
be depleted during SMPC isolation. In other words, a majority
of SMPCs reside in the negative fraction of these markers. In
this section, several representatives of negative surface markers
are introduced.

CD15

CD15 (3-fucosyl-N-acetyl-lactosamine, Lewis X or stage-specific
embryonic antigen 1) has been used to separate myogenic
and adipogenic cells. CD15+ cells can be found outside adult
muscle fibers (Lecourt et al., 2010); more specifically, in
the interstitial position between the basal lamina of adjacent
myofibers (Pisani et al., 2010a). Based on recent observations,
CD15 seems to be negative in a majority of SMPCs because
CD15 is predominantly detectable in the adipogenic cells
with relatively less myogenic capacity. Cell sorting by CD56
and CD15 expression (CD56+/CD15−, CD56−/CD15+, and
CD56+/CD15+) could distinguish three cell types: myogenic
cells without adipogenic capabilities, non-myogenic cells with
adipogenic capabilities, and myogenic cells with adipogenic
capabilities, respectively (Lecourt et al., 2010; Pisani et al.,
2010a; Agley et al., 2013). CD56+/CD15+ cells were still able to
retain muscle differentiation capacity even under conditions that
strongly favor adipogenesis (Agley et al., 2013).

CD24

Known as a sialoglycoprotein and a cell adhesion molecule,
CD24 is commonly expressed on the cellular membrane of B
lymphocytes and neutrophils (Elghetany and Patel, 2002; Tan
et al., 2016), as well as on neural progenitors (Poncet et al.,
1996; Fang et al., 2017; Gilliam et al., 2017). Depletion of
CD24-expressing cells can enrich human PSC-derived SMPCs
when used in combination with positive selection of CD10+

cells. When CD10+/CD24− cells were enriched from a variety
of PSC lines (Pax7/Myf5 double reporter ESCs, two reporter-
free ESC lines, and one reporter-free iPSC line), the isolated
cells showed a high level of myotube formation following
terminal differentiation (Wu et al., 2018). CD24 expression
was not detectable in primary myoblasts (Wu et al., 2018).
Interestingly, specific deletion of Myogenin in adult SMPCs
resulted in a 10-fold downregulation of CD24 (Meadows
et al., 2008). At 16 and 19 weeks of human gestation, a
specific cell population with strong CD24 expression was
identified in the mesenchymal areas adjacent to developing
muscles and intramuscular nerves (Figarella-Branger et al.,
1993). In adult muscles, CD24 expression was identified in some
unmyelinated nerve fibers and interstitial elongated cells near
the neuromuscular junctions (Figarella-Branger et al., 1993).
CD24-positive signals were also detected in regenerating muscle
fibers following segmental necrosis (Figarella-Branger et al.,
1993). These in situ locations of CD24 expression implicate that
CD24 is possibly involved in the development, maintenance,
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and regeneration of muscle innervation. In mice, CD24 is
expressed by myofiber synaptic nuclei and plays a role in synaptic
transmission (Jevsek et al., 2006).

CD31

CD31, specifically named platelet endothelial cell adhesion
molecule (PECAM-1), is a member of the immunoglobulin
superfamily. CD31 is primarily used to detect endothelial cells
(Lertkiatmongkol et al., 2016). For SMPC purification, this
surface marker has been used as a negative selector. In a number
of different studies, a depletion step of CD31+ cells has been
applied to isolate SMPCs from adult muscle (Bareja et al., 2014;
Xu et al., 2015; Garcia et al., 2018) and fetal muscle (Cerletti et al.,
2006; Castiglioni et al., 2014). In adult muscle, CD31 expression
was observed in the endomysium and intimae part of arteries
(Lecourt et al., 2010). In a previous study using fetal muscle, both
CD146+/CD31+ and CD146+/CD31− cells were found adjacent
to myofibers, and some CD146+/CD31+ were clearly located
within blood vessels (Cerletti et al., 2006). When these cells were
isolated from the tissues and cultured, both CD146+/CD31+ and
CD146+/CD31− cells were positive with myogenic markers such
as Pax7, MyoD, and desmin. Notably, both cell types were able to
differentiate into MyHC+ myotubes. These results suggest that
CD31 expression itself would not correspond to the ability of
muscle differentiation in isolated cells (Cerletti et al., 2006).

CD34

Although CD34 has been considered as a marker of satellite
cells in mice, it does not mark satellite cells in human muscle
(Péault et al., 2007). CD34 has been used in human muscle
satellite cells for negative selection (Sidney et al., 2014). This
surface protein has often been utilized for human SMPC isolation
as a negative selection marker along with a combination with
other surface markers (Zheng et al., 2007; Crisan et al., 2008;
Proksch et al., 2009; Pisani et al., 2010b; Okada et al., 2012; Bareja
et al., 2014; Castiglioni et al., 2014; Garcia et al., 2018). CD34
is a transmembrane phosphoglycoprotein and widely accepted
as a marker of hematopoietic lineage (Sidney et al., 2014).
However, CD34 expression is also detected on various types of
non-hematopoietic cells such as MSCs (Huss, 2000; Lin et al.,
2012), interstitial cells (Popescu et al., 2007; Rasmussen et al.,
2007; Zheng et al., 2007; Yu et al., 2012), epithelial progenitors
(Blanpain et al., 2004), vascular endothelial progenitors (Fina
et al., 1990), and corneal keratocytes (Poole et al., 1993; Polisetty
et al., 2008). Although several publications reported CD34
expression in muscle satellite cells (Sidney et al., 2014) and other
myogenic cells (Zheng et al., 2007; Proksch et al., 2009; Pisani
et al., 2010a; Okada et al., 2012), it remains controversial whether
this marker itself is commonly detectable in different types of
SMPCs from various sources. Nonexistent or low levels of CD34
expression were detected in human SMPCs derived from PSCs
(Awaya et al., 2012; Darabi et al., 2012; Hwang et al., 2014), adult
muscle (Alessandri et al., 2004; Morosetti et al., 2006; Dellavalle
et al., 2007; Negroni et al., 2009; Lecourt et al., 2010; Zheng
et al., 2012; Charville et al., 2015; Franzin et al., 2016; Lorant
et al., 2018), fetal muscle (Castiglioni et al., 2014), umbilical cord
blood (Koponen et al., 2007; Nunes et al., 2007), and placenta

(Park et al., 2011). In skeletal muscle, CD34 expression represents
an endothelial nature due to the detection of CD34+ cells in
the endomysium and interstitial spaces (Hollemann et al., 2008;
Lecourt et al., 2010; Pisani et al., 2010b). CD34 expression has
also been detected in the blood vessels within skeletal muscle,
particularly the tunica adventitia in veins and the tunica media
in arteries (Lecourt et al., 2010).

Evidence in previous studies suggests that both CD34+ and
CD34− cells were present in SMPC pools, but the CD34− cell
population seemed to be more homogeneous and committed to
the myogenic lineage compared to CD34+ cells. For instance,
some groups of SMPCs have been confirmed as CD34−

populations, which include proliferative and activated satellite
cells (CD34−/CD56+/Myf5+ cells), and a minority of pericytes
and mesoangioblasts with adipogenic potential (CD34−/CD56−

cells) (Péault et al., 2007). In contrast, CD34+ cells might
contain several cell populations originated from the interstitial
compartment in skeletal muscle, such as myoendothelial cells,
endothelial cells, and SP cells. Interstitial CD34+ cells may
have been derived from resident endothelial cells (Vailhe et al.,
2001) or have invaded skeletal muscle directly via circulation
(Asahara and Kawamoto, 2004). Typically, CD34− cells show
consistent myogenic potential across different preparations of
SMPCs, whereas myogenic potential in CD34+ cells tends to
be inconsistent and shows variation in different preparations
of SMPCs.

A series of studies using adult muscle-derived MDSCs
also supports the efficiency of CD34-based isolation to enrich
homogenous myogenic cells in the negative fraction. Regardless
of muscle type and culture period, CD34− MDSCs displayed
high expression of myogenic markers (Myf5, Pax7, MyoD,
myogenin, desmin, and muscle creatine kinase) (Pisani et al.,
2010b). These CD34− MDSCs consistently expressed CD56
and showed myogenic potential following differentiation (Pisani
et al., 2010b). In contrast, CD34+ MDSCs barely expressed these
myogenic markers and exhibited inconsistent myogenic potential
across different preparations of MDSCs (Pisani et al., 2010b).
When MDSCs were sorted into CD34−/CD90+, CD34−/CD90−

and CD34+/CD90− fractions, CD34+/CD90− cells showed the
lowest expression of Myf5, MyoD, and Myogenin (Proksch
et al., 2009). Consistently, in a different study using CD133+

myoblasts isolated from adult muscle, CD133+/CD34− cells
exhibited higher CD56 expression in culture compared to
CD133+/CD34+ cells (Negroni et al., 2009). In another study,
CD34−/CD56+/CD144− cells also retained a high level of
CD56 even after expansion in culture, whereas these cells
also maintained a myogenic and endothelial cell phenotype
(Okada et al., 2012). Interestingly, CD34− MDSCs did not
show adipogenic differentiation both in vitro and in vivo,
whereas CD34+ cells were able to generate adipocytes both
in culture and following transplantation (Pisani et al., 2010b).
CD34+ MDSCs may retain cellular characteristics as multipotent
stem cells, which possibly implies their limited commitment to
myogenic lineage.

Although CD34+ cells do not specifically represent SMPC
pools, these cells may have supporting roles for the integration
of SMPCs when transplanted with CD34+ SMPCs. In one
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study, three cell populations (CD56+/CD34+/CD144+,
CD56−/CD34+/CD144+, and CD56+/CD34−/CD144−) were
isolated from human adult muscle as myoendothelial cells,
endothelial cells, and myogenic cells, respectively. When
their ability of cell survival and muscle regeneration was
compared by intramuscular implantation into SCID mice,
CD56+/CD34+/CD144+ myoendothelial cells demonstrated
the most significant results (Zheng et al., 2007). In a different
study, CD133+/CD34+ myoblasts isolated from human adult
muscle showed better regeneration capacity compared to
CD133+/CD34− cells following transplantation into the tibialis
anterior muscles of immunodeficient mice (Negroni et al., 2009).

CD45

CD45, also known as leukocyte common antigen or protein
tyrosine phosphatase receptor type C, is a hematopoietic marker
(Kaplan et al., 1990) widely used as a negative marker for SMPCs.
In a number of studies, CD45+ cell depletion has already been
used to enrich human SMPCs derived from adult muscle and
fetal muscle (Zheng et al., 2007, 2012; Crisan et al., 2008; Lecourt
et al., 2010; Okada et al., 2012; Bareja et al., 2014; Castiglioni
et al., 2014; Xu et al., 2015; Garcia et al., 2018). In other studies,
the absence of CD45 was used to define SMPC pools from the
cell preparation derived from PSCs, adult muscle, placenta, or
umbilical cord blood (Alessandri et al., 2004; Morosetti et al.,
2006; Dellavalle et al., 2007; Nunes et al., 2007; Zheng et al., 2007;
Proksch et al., 2009; Park et al., 2011; Awaya et al., 2012; Darabi
et al., 2012; Tedesco et al., 2012; Castiglioni et al., 2014; Charville
et al., 2015; Lorant et al., 2018).

CD57

CD57 is also known as beta-1,3-glucuronyltransferase 1
(B3GAT1), human natural killer 1 (HNK-1), or LEU-7. CD57 is
a neuroectodermal marker expressed on natural killer cells and
T-lymphocytes (Kared et al., 2016). Although knowledge about
CD57 expression on SMPCs is relatively limited at this moment,
a few studies reported that CD57 was useful to deplete neural
cells during the purification of PSC-derived SMPCs (Borchin
et al., 2013; Choi et al., 2016; Sakai-Takemura et al., 2018).
When CD57 alone was used for sorting PSC-derived cells, only
negative cells could differentiate into myotubes (Sakai-Takemura
et al., 2018). Compared to CD56− and CD57+/CD56+ cells,
CD57−/CD56+ cells showed significantly increased expression
of MyoD1, Myogenin, and MyHC. CD57−/CD56+ cells also
showed higher expression of Myogenin and Pax7 than human
fetal skeletal muscle and undifferentiated human ESCs (Choi
et al., 2016). In a different study, CD57−/CD56+ PSC-derived
SMPCs showed higher expression of Pax7, Myf5, and MyHC
than unsorted cells in culture. However, there was no difference
in engraftment rate between CD57−/CD56+ cells and unsorted
cells when intramuscularly transplanted into mdx-NSG mice
(Hicks et al., 2017).

CD106

CD106 (vascular cell adhesion molecule 1) has been known
to show expression in MSCs, activated endothelial cells, and
macrophages (Yang et al., 2013). Although murine satellite cells

express CD106 (Liu et al., 2015; Maesner et al., 2016), it seems
that CD106 expression in human SMPCs remains controversial.
Some studies showed that the expression of this marker was
positive in adult muscle-derived SMPC populations (Sinanan
et al., 2004; Lecourt et al., 2010) while other studies reported
an absence of CD106 expression in different types of SMPCs
derived from PSCs, adult muscle and fetal muscle (Morosetti
et al., 2006; Dellavalle et al., 2007; Crisan et al., 2008; Pisani et al.,
2010b; Awaya et al., 2012; Darabi et al., 2012). Further studies
would be required to determine the expression of CD106 on
human SMPCs.

CD108

CD108, or semaphorin 7A, is a glycophosphatidylinositol-linked
glycoprotein. When CD108 was used as a sole marker for sorting
iPSC-derived SMPCs, CD108− cells showed significantly higher
levels of myotube formation in vitro compared to the unsorted
cells. Isolated CD57−/CD108−/CD271+/ErbB3+ cells from
iPSC-derived SMPCs were able to form myotubes with high
efficiency in culture and when transplanted into the tibialis
anterior muscles of immunodeficient dystrophin-deficient
NSG-mdx4Cv mice (Sakai-Takemura et al., 2018). In adult
skeletal muscle, CD108 was expressed on both fibroblasts
and myoblasts; this discrepancy is not well-understood
(Sakai-Takemura et al., 2018).

Combinations of Surface Markers Used for
SMPC Enrichment
To date, cell sorting by several combinations of cell surface
markers has worked successfully to enrich human PSC-derived
SMPCs and to deplete undesirable cell types (Table 2). Although
these individual works supported the feasibility of SMPC
isolation using different combinations of surface markers, one
common challenge is that the procedure becomes complicated
with multiple sorting steps.

Which Surface Markers Would Be
Promising for Human SMPC Isolation?
Based on our comprehensive search of the literature as described
above, we summarize the promising surface markers that have
already been used to enrich human PSC-derived SMPCs (Table 3;
the rows of these markers are highlighted in gray). We include
possible markers that have confirmed expression in human PSC-
derived SMPCs but have not been tested yet for sorting human
PSC-derived SMPCs (Table 3; the rows of these markers remain
white). We also made note of whether they were used alone or
in combination with other markers, and in which PSC lines the
markers have been tested. Although this is not a definitive list, we
consider the bolded markers in Table 3 to be highly promising
for the enrichment of human PSC-derived SMPCs: CD10,
CD54, CD56, CD82, CD271, ErbB3, and c-Met for positive
selection; and CD24, CD57 for negative selection. Although it
is difficult to propose the best combination of these markers at
this moment, several combinations have successfully worked as
described in the previous studies. They include CD10+/CD24−

(Wu et al., 2018), CD57−/CD108−/CD271+/ErbB3+ (Sakai-
Takemura et al., 2018), CD56+/CD82+ (Uezumi et al., 2016),
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TABLE 2 | Combinations of markers used to isolate human PSC-derived SMPCs and findings about their enrichment efficiency.

Isolated fractions PSCs In vitro analysis In vivo analysis References

CD10+/CD24− Pax7/Myf5 dual

reporter ESCs,

and three

transgene-free

PSC lines

In all four cell lines, only CD10+/CD24− cells exhibited myotube

formation. CD10+/CD24+ CD10−/CD24−, and CD10−/CD24+

fractions contained non-myogenic cells and did not exhibit myotube

formation

CD10+/CD24− cells were sorted from Pax7/Myf5 dual reporter ESCs

and transplanted into non-irradiated, cardiotoxin-damaged hindlimb

(tibialis anterior, TA) muscles of immunodeficient dystrophin-deficient

NSG-mdx4Cv mice (2.5 × 105 cells/10 µL/muscle). At 4 weeks

post-transplantation, CD10+/CD24− cells formed maximum of 50–60

dystrophin+ and lamin A/C+ fibers, where 12 ± 1.9% out of all lamin

A/C+ cells were Pax7+. CD10+/CD24− cells isolated from

transgene-free PSCs were also able to form human myofibers in

NSG-mdx4Cv mice

Wu et al., 2018

CD57−/CD108−/CD271+/

ErbB3+
iPSCs At 48 h after serial sorting, most cells were MyoD+, 30-40% were

Pax7+. The cells formed Myogenin+ multinucleated myotubes. Pax7

was expressed in mononuclear cells between myotubes. When

co-cultured with human adult myoblasts, the efficiency of myotube

fusion was higher in the sorted cells compared to the unsorted ones

When the sorted cells were implanted into the TA muscles of

NSG-mdx4Cv mice, 12–13 myofibers with lamin A/C+ and Spectrin+

were found on transverse muscle sections at 3 weeks of

post-transplantation. 1 × 105 sorted cells formed more human lamin

A/C+, spectrin+ and dystrophin+ myofibers compared to 1 ×

106 unsorted cells

Sakai-Takemura

et al., 2018

CD54+/ α9β1+/ CD362+ PSCs with Pax7

overexpression

by doxycycline-

based

induction

100% of cells were Pax7+. The isolated progenitors did not show

expression of pluripotent stem cell markers (Oct3/4, Sox2 and Nanog)

and were able to form multinucleated MyHC+ myotubes following

terminal differentiation

Sorted cells were transplanted into cardiotoxin-injured TA muscles of

NSG mice (5 × 105 cells/10 µL/muscle). At 8 weeks and 10 months

post-transplantation, ∼50 and ∼40 dystrophin+/lamin A/C+ myofibers

were identified in each muscle section, respectively. Cell transplantation

into NSG-mdx4Cv mice showed similar results. Lamin A/C+ cells, which

also expressed M-cadherin or Pax7, were detected in satellite cell

position

Magli et al., 2017

CD56+/CD82+ iPSCs When compared to double-negative cells, Pax7 and MyoD expression

was found exclusively in CD56+/CD82+ cells. When compared to

CD56−/CD82+, CD56+/CD82− and double-negative cells, MyHC+

myotube formation was actively promoted in CD56+/CD82+ cells

Uezumi et al.,

2016

CD57−/CD56+ PSCs 98% of single CD57−/CD56+ cells showed higher expression of

Myogenin and Pax7 than human fetal skeletal muscle and

undifferentiated ESCs. CD57−/CD56+ cells also expressed MyoD1,

Myogenin and MyHC significantly higher than CD56− cells and

CD57+/CD56+ cells. Gene expression analysis revealed that key

markers and transcription factors of skeletal muscle structure

development were enriched in the CD57−/CD56+ cell fractions.

CD57−/CD56+ cells could be expanded up to the hundreds of millions

of cells and were easily cryo-preserved without losing myotube-forming

competence

The CD57−/CD56+ cells were prepared from genetically corrected

DMD iPSC-derived SMPCs and then transplanted into irradiated

cardiotoxin-injured TA muscles of NSG-mdx4Cv mice and

immunodeficient NOD-Rag1null IL2rγnull (NRG) mice (2 ×

106 cells/muscle). ∼100 and ∼380 laminin+/lamin A/C+ myofibers per

muscle section were detected in NSG-mdx4Cv mice and NRG mice,

respectively

Choi et al., 2016

PSCs CD57−/CD56+ cells were positive with Pax7 and Myf5, specifically

with ∼1.7-fold more compared to unsorted preparations

Sorted cells were transplanted into cardiotoxin-injured TA muscles of

NSG-mdx4Cv mice (2 × 106 cells/10 µL/muscle). CD57−/CD56+ cells

did not show improved engraftment rate compared to unsorted cells.

Significant differences were not found in spectrin+/lamin A/C+ and

dystrophin+ myofibers generated by both groups of cells

Hicks et al., 2017

(Continued)
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TABLE 2 | Continued

Isolated fractions PSCs In vitro analysis In vivo analysis References

CD271+/ErbB3+ PSCs CD271+/ErbB3+ expressed Pax7 and Myf5 20-fold more than

double-negative cells. CD271+/ErbB3+ cells showed significantly

higher myotube formation compared to CD271+/ErbB3−,

CD271−/ErbB3+ and double-negative cells

DMD iPSC were genetically corrected by CRIPSR/Cas9 method and

prepared SMPCs. CD271+ cells and ErbB3+ cells were sorted from

these SMPCs and transplanted into cardiotoxin-injured TA muscles of

NSG-mdx4Cv mice (2 × 106 cells/10 µL/muscle). Both cell types

showed significantly higher engraftment rate than CD56+ and unsorted

cells, as determined by the number of myofibers with human lamin

A/C+/spectrin+/dystrophin+. Engraftment of ErbB3+ cells could

restore dystrophin expression up to the levels observed in the muscles

implanted freshly isolated human fetal myocytes

Hicks et al., 2017

Pax7/Myf5 dual

reporter ESCs,

and three

transgene-free

PSC lines

At Day 5 and Day 15 in myogenic differentiation medium,

CD271+/ErbB3+, CD271+/ErbB3−, and CD271−/ErbB3+ cells were

evaluated with reporter protein expression (tdTomato driven by Pax7

promotor and EGFP by Myf5 promotor). At both timepoints,

EGFP-positive myogenic cells were equally distributed in three

fractions. When these fractions were plated and subjected to terminal

differentiation, all of three fractions from Day 5 could not differentiate

into myotubes. In contrast, all three fractions from Day 15 contained

mixed populations of MyHC+ myotubes and MyHC− non-myogenic

cells

CD271+/ErbB3+ cells were isolated from Pax7/Myf5 dual reporter

ESCs and transplanted into non-irradiated, cardiotoxin-damaged TA

muscles of NSG-mdx4Cv mice (2.5 × 105 cells/10 µL/muscle). At 4

weeks post-transplantation, CD271+/ErbB3+ cells were able to form

maximum of 10–15 dystrophin+ and lamin A/C+ myofibers per section,

but no Pax7+ cells were detected

Wu et al., 2018

CD73+/CD56+ ESCs 60-80% of CD73+/CD56 cells were MyoD+. Cells adopted a bipolar

cell morphology at 24 h in culture; 46 ± 3% and 7 ± 3% of total cells

were MyoG+ and Pax7+, respectively. Upon terminal differentiation, the

expression of Myogenin, desmin, actin and MyHC were confirmed.

These differentiated myotubes were capable of spontaneous twitching

in culture

Before transplantation, CD73+/CD56+-sorted cells were transduced

with a lentiviral vector carrying a triple reporter construct expressing

herpes simplex virus thymidine kinase, enhanced GFP, and luciferase.

The cells were then transplanted into the cardiotoxin-injured TA

muscles of immunodeficient SCID/Beige mice (5 × 105 cells/muscle).

Stable bioluminescence signals were confirmed even after 6 months of

cell transplantation. Immunohistochemical analyses of implanted

muscles demonstrated that an average of 7% of muscle fibers was

positive with human laminin

Barberi et al., 2007

CD57−/AChR−/CD184+

/c-Met+
PSCs Cell sorting was performed at three time points (Day 23, 25, and 35)

following directed myogenic differentiation of PSCs. At Day 23, sorted

cells expressed Six4 and Pax3. At Day 25, sorted cells expressed

Pax7. At Day 35, sorted cells were 98% Pax3+ and 96% Pax7+. The

cells sorted at Day 35 demonstrated progressive terminal muscle

differentiation when plated down, as shown by expression of Myf5,

Myogenin, and MyHC. After 3 days of terminal differentiation, all cells

expressed MYF5 and few retained Pax7 expression. After 9 days,

myotubes were formed while most cells were Myogenin+ and MyHC+

Borchin et al.,

2013
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TABLE 3 | Surface markers and their potential to isolate human PSC-derived SMPCs.

Marker +/– selection Strength Weakness Expression level in SMPCs from other sources

CD10 + • Enriched SMPC population from transgene-free PSCs

and Pax7/Myf5 reporter ESCs when used in

combination with CD24− selection (Wu et al., 2018)

• Efficiency as a sole marker is unknown

• Efficiency when used with markers other than CD24−

is unknown

• Detected on ∼97% human primary myoblasts (Wu

et al., 2018)

• Detected on ∼80% Pax7+ cells derived from adult

muscle (Wu et al., 2018)

CD11b - • Exclusion of CD11b+ cells efficiently depleted

hematopoietic cells among SMPC population derived

from fetal muscle, when used in combination with

GlyA− /CD45− selection (Castiglioni et al., 2014), and

from adult muscle when used in combination with

CD45− selection (Bareja et al., 2014)

• May be redundant as a negative marker, as the

expression on human PSC-derived SMPCs was rarely

reported

• CD11b+ population from CRISPR/Cas9 corrected

DMD iPSC-derived SMPC was able to form myotube

in culture (Hicks et al., 2017)

CD13 + • Expression was detected on 40-64% human

Pax7-overexpressing PSC-derived SMPCs (Darabi

et al., 2012) and iPSC-derived mesoangioblast-like

stem/progenitor cells (Tedesco et al., 2012)

• Never used to isolate human PSC-derived SMPCs,

efficiency is unknown whether as a sole marker or

in combination

• Detected on ∼97% human adult pericytes (Dellavalle

et al., 2007)

• Detected on 38.4% mononucleated cells derived from

fetal muscle (Castiglioni et al., 2014)

CD15 - • Presence or absence of expression could distinguish

CD56+ adult muscle-derived myogenic cells with or

without adipogenic capabilities, respectively (Lecourt

et al., 2010; Pisani et al., 2010a; Agley et al., 2013)

• May be redundant as a negative marker, as CD15

expression on human PSC-derived SMPCs has not

been confirmed yet

CD24 − • Enriched SMPC population from transgene-free PSCs

and Pax7/Myf5 reporter ESCs when used in

combination with CD10+ selection (Wu et al., 2018)

• Efficiency as a sole marker is unknown

• Efficiency when used with markers other than CD10+

is unknown

• Not detected on human primary myoblasts (Wu et al.,

2018)

CD29 + • CD29/Integrin alpha-9 dimer (α9β1) efficiently isolated

SMPC population from Pax7-overexpressing PSCs

(Magli et al., 2017)

• Expression confirmed by >70% cells of PSC-derived

SMPC populations (Awaya et al., 2012; Darabi et al.,

2012; Abujarour et al., 2014; Magli et al., 2017;

Sakai-Takemura et al., 2018)

• Enriched SMPC population from adult muscle when

used in combination with

CD31−/CD34−/CD45−/EGFR+ selection (Charville

et al., 2015), and with CD56+/CD31−/CD45−

selection (Xu et al., 2015), as well as from fetal muscle

when used in combination with

CD56+/CD184+/CD31−/CD34−/CD45− selection

(Garcia et al., 2018)

• Never used alone (as opposed to α9β1 dimer) to

isolate human PSC-derived SMPCs; efficiency is

unknown whether as a sole marker or in combination

• A population of CD56+/CD29+ cells without Pax7

expression was identified in healthy adult human

skeletal muscle, implying that CD29 expression is not

exclusive to satellite cells (Xu et al., 2015)

• Detected on 90.4% mononucleated cells derived from

fetal muscle (Castiglioni et al., 2014)

• Co-expression with CD56 was detected on 100%

Pax7+ satellite cells in healthy adult skeletal muscle (Xu

et al., 2015)

• Detected on SMPCs derived from postnatal muscle

(Garcia et al., 2018) and adult muscle (Lecourt et al.,

2010; Woodard et al., 2014; Charville et al., 2015; Xu

et al., 2015; Lorant et al., 2018)

CD31 - • Exclusion of CD31+ cells in a series of sequential

isolation steps efficiently depleted endothelial cells

among SMPC population derived from adult muscle

(Bareja et al., 2014; Xu et al., 2015; Garcia et al.,

2018) and fetal muscle (Cerletti et al., 2006; Castiglioni

et al., 2014)

• May be redundant as a negative marker for

PSC-derived SMPCs as expression was not detected

on human Pax7-overexpressing PSC-derived SMPCs

(Darabi et al., 2012) and iPSC-derived

mesoangioblast-like stem/progenitor cells (Tedesco

et al., 2012)

• CD31 expression itself does not correspond to SMPC

properties, as both CD146+/CD31+ and

CD146+/CD31− cells isolated from human fetal

muscle and cultured were able to differentiate into

myotubes (Cerletti et al., 2006)

• Expression on SMPCs derived from adult muscle had

been reported to be both detectable (Hollemann et al.,

2008; Lecourt et al., 2010; Bareja et al., 2014; Xu

et al., 2015) and undetectable (Alessandri et al., 2004;

Dellavalle et al., 2007; Charville et al., 2015; Lorant

et al., 2018)

(Continued)
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TABLE 3 | Continued

Marker +/– selection Strength Weakness Expression level in SMPCs from other sources

CD34 - • CD34− MDSCs displayed high expression of

myogenic markers and exhibited consistent myogenic

potential regardless of preparation and culture period

(Pisani et al., 2010b)

• CD34− MDSCs retained higher expression of CD56 in

culture when sorted along with both CD90+ and

CD90− selections (Proksch et al., 2009), CD133+

selection (Negroni et al., 2009), as well as

CD56+/CD144− selection (Okada et al., 2012)

• May be redundant as a negative marker for

PSC-derived SMPCs as expression was reported to

be non-existent or low on human PSC-derived

SMPCs (Awaya et al., 2012; Darabi et al., 2012;

Hwang et al., 2014)

• Some groups of SMPCs have been confirmed

as CD34− populations: proliferative satellite cells

(CD34−/CD56+/Myf5+ cells), and a minority of

pericytes and mesoangioblasts with adipogenic

potential (CD34−/CD56− cells) (Péault et al., 2007).

• Expression reported to be in varied levels on SMPCs

from different sources (see section CD34)

CD45 - • Exclusion of CD45+ cells in a series of sequential

isolation steps efficiently depleted hematopoietic cells

among SMPC population derived from adult muscle

(Zheng et al., 2007, 2012; Lecourt et al., 2010; Okada

et al., 2012; Bareja et al., 2014; Xu et al., 2015) and

fetal muscle (Crisan et al., 2008; Castiglioni et al.,

2014; Garcia et al., 2018)

• May be redundant as a negative marker for

PSC-derived SMPCs as expression was not detected

on human Pax7-overexpressing PSC-derived SMPCs

(Darabi et al., 2012) and iPSC-derived

mesoangioblast-like stem/progenitor cells (Tedesco

et al., 2012)

• Not detected on SMPC populations derived from adult

muscle, placenta, and umbilical cord blood (see

section CD45)

CD54 + • Enriched SMPC population from Pax7-overexpressing

PSCs when used alongside with CD362+/integrin

α9β1+ selection (Magli et al., 2017)

• Able to act as a sole marker to isolate SMPC

population from Pax7-overexpressing PSCs (Magli

et al., 2017)

• Efficiency to isolate transgene-free PSC-derived

SMPCs is unknown

• Expression on cultured human skeletal muscle cells

can be induced with various cytokine treatments

(Goebels et al., 1992; Michaelis et al., 1993;

Bartoccioni et al., 1994; Marino et al., 2001)

CD56 + • Enriched SMPCs from transgene-free ESC-derived

MSCs when used alongside CD73+ selection (Barberi

et al., 2007)

• Enriched transgene-free iPSC-derived SMPCs when

used alongside CD82+ selection (Uezumi et al., 2016)

• Enriched transgene-free PSC-derived SMPCs when

used alongside CD57− selection (Hicks et al., 2017)

• Enriched SMPC population derived from fetal muscle

(Crisan et al., 2008; Castiglioni et al., 2014) and adult

muscle (Dellavalle et al., 2007; Zheng et al., 2007,

2012; Lecourt et al., 2010; Pisani et al., 2010a; Okada

et al., 2012; Bareja et al., 2014; Woodard et al., 2014;

Xu et al., 2015; Alexander et al., 2016; Choi et al.,

2016) alongside other markers

• Able to act as a sole marker to isolate SMPC

population derived from adult muscle (Sinanan et al.,

2004; Lecourt et al., 2010; Pisani et al., 2010a; Lorant

et al., 2018)

• Efficiency to isolate transgene-based PSC-derived

SMPCs is unknown

• Efficiency as a sole marker to isolate PSC-derived

SMPCs is unknown

• May not improve SMPC purity by much as almost all

cells in some PSC-derived SMPC populations express

CD56: 98-100% of human Pax7-overexpressing

PSC-derived SMPCs (Darabi et al., 2012), 95.3% of

Pax3+ or Pax7+ cells from ESC-derived SMPCs

(Awaya et al., 2012), 75% MyoD-overexpressing ESCs

(Goudenege et al., 2012)

• SMPCs may also reside in CD56− population, as

evidenced by several CD56− populations that were

able to form myotubes both in vitro and in vivo: a

population of “endothelial cells”

(CD45−/CD56−/CD34+/CD144+ selection) isolated

from adult muscle (Okada et al., 2012), a population of

“perivascular stem cells”

(CD146+/CD45−/CD56−/UEA-1R− selection) derived

from adult muscle (Zheng et al., 2012), and a

population of “perivascular cells”

(CD146+/CD34−/CD45−/CD56− selection) isolated

from multiple human organs and placenta (Crisan

et al., 2008; Park et al., 2011); the latter two

populations showed upregulated CD56 expression

after expression in culture

• Detected on >80% satellite cells derived from adult

muscle (Negroni et al., 2009)

• Detected on 83% “slowly adhering cell” fraction of

culture derived from adult muscle (Okada et al., 2012)

• Detected on 77.1% CD45− cultured cells derived from

adult muscle (Zheng et al., 2012)

• Detected on 69-99%SMPCs derived from adult muscle

(Lorant et al., 2018)

• Detected on SMPCs derived from PSCs, postnatal

muscle, adult muscle, fetal muscle, and placenta (see

section CD56)

(Continued)
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TABLE 3 | Continued

Marker +/– selection Strength Weakness Expression level in SMPCs from other sources

CD57 − • Exclusion of CD57+ cells in a series of sequential

isolation steps efficiently depleted neural cells among

transgene-free PSC-derived SMPC populations

(Borchin et al., 2013; Hicks et al., 2017;

Sakai-Takemura et al., 2018) and Mesogenin1/eGFP

reporter human ESC-derived SMPC population (Choi

et al., 2016)

• Able to enrich transgene-free iPSC-derived SMPCs

when used as a sole marker in a single-step negative

selection (Sakai-Takemura et al., 2018)

• May be redundant as a negative marker as expression

on human PSC-derived SMPCs was rarely reported

• May not improve SMPC purity by much if expression

level is low in PSC-derived SMPC populations

CD73 + • The expression was confirmed in 99.4% Pax3+ or

Pax7+ cells from ESC-derived SMPCs (Awaya et al.,

2012), 96.8% MyoD-overexpressing ESCs

(Goudenege et al., 2012) and 66% SMPCs derived

from adult muscle (Woodard et al., 2014)

• Never used to isolate SMPCs from any source,

efficiency is unknown whether as a sole marker or

in combination

• Detected on SMPCs derived from fetal muscle (Crisan

et al., 2008) and adult muscle (Lecourt et al., 2010;

Uezumi et al., 2016; Lorant et al., 2018)

CD82 + • Enriched transgene-free iPSC-derived SMPCs

(Uezumi et al., 2016) and SMPCs derived from adult

muscle (Alexander et al., 2016) when used alongside

CD56+ selection

• Enriched SMPCs derived from fetal muscle when used

alongside CD146+ selection (Alexander et al., 2016)

• Can be used alone to enrich SMPCs derived from

adult muscle (Uezumi et al., 2016)

• Efficiency to isolate transgene-based PSC-derived

SMPCs is unknown

• Efficiency as a sole marker to isolate PSC-derived

SMPCs is unknown

• Fairly new marker, expression level in PSC-derived

SMPCs have not been reported much, therefore hard

to gauge redundancy of isolation based on this marker

• Detected on ∼97% Pax7+ or M-cadherin+ satellite

cells (Uezumi et al., 2016)

CD108 − • Enriched transgene-free iPSC-derived SMPCs as a

sole marker and when used alongside

CD57−/CD271+/ErbB3+ selection (Sakai-Takemura

et al., 2018)

• Efficiency to isolate transgene-based PSC-derived

SMPCs is unknown

• Efficiency as a sole marker or when used with markers

other than CD57−/CD271+/ErbB3+ is unknown

• Expression level in PSC-derived SMPCs is rarely

reported, therefore hard to gauge redundancy of

isolation based on this marker

• Detected on both fibroblasts and myoblasts in adult

skeletal muscle (Sakai-Takemura et al., 2018)

CD146 + • Expression confirmed in PSC-derived SMPCs (Darabi

et al., 2012; Tedesco et al., 2012; Sakai-Takemura

et al., 2018)

• Enriched SMPC population derived from fetal muscle

(Cerletti et al., 2006; Crisan et al., 2008; Lapan et al.,

2012; Alexander et al., 2016), adult muscle (Zheng

et al., 2012) and placenta (Park et al., 2011)

• Efficiency to isolate PSC-derived SMPCs is unknown

• May not improve SMPC purity by much if very highly

expressed in PSC-derived SMPC populations; for

example, 100% of human Pax7-overexpressing

PSC-derived SMPCs were CD146+ (Darabi et al.,

2012)

• Detected on 41.11% culture-expanded pericytes

derived from adult muscle (Dellavalle et al., 2007)

• Detected on 66.9% CD45− cultured cells derived from

adult muscle (Zheng et al., 2012)

• Detected on 35-80% mononucleated cells derived

from fetal muscle (Lapan et al., 2012)

CD184 + • Enriched highly pure SMPCs from transgene-free

PSC-derived populations when used in combination

with CD57−/AChR−/c-Met+ selection (Borchin et al.,

2013)

• Does not exclusively select SMPCs. Also expressed

on neural cells, therefore most likely only reliable when

used alongside c-Met: highly pure SMPCs were found

to reside in c-Met+/CD184− population;

c-Met−/CD184+ fraction contained both SMPCs and

neural cells; c-Met−/CD184− fraction did not have any

SMPCs (Borchin et al., 2013)

• Efficiency when used with markers other than c-Met

is unknown

• Detected on 63.2% mononucleated cells derived from

fetal muscle (Castiglioni et al., 2014)

• Detected on SMPCs derived from adult muscle (Bareja

et al., 2014; Marg et al., 2014; Garcia et al., 2018)

(Continued)
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TABLE 3 | Continued

Marker +/– selection Strength Weakness Expression level in SMPCs from other sources

CD271 + • Enriched transgene-free iPSC-derived SMPC

population when used as a sole marker and when

used in combination with CD57−/CD108−/ErbB3+

selection (Sakai-Takemura et al., 2018)

• Resulted in the most efficient SMPC enrichment from

CRISPR/Cas9 corrected DMD iPSC-derived SMPC

population when used as a sole marker, compared to

CD11b, CD56, CD146, CD184, c-Met, ITGA7, ErbB3

used as sole markers (Hicks et al., 2017)

• Enriched transgene-free and transgene-based

PSC-derived SMPC populations when used alongside

ErbB3+ selection (Hicks et al., 2017)

• May not be able to isolate SMPCs in all human

PSC-derived SMPC populations; failed to enrich for

SMPCs in a Pax7/Myf5 reporter ESC population when

used alongside ErbB3+ or ErbB3− selection (Wu

et al., 2018)

• Fairly new marker; expression level in PSC-derived

SMPCs has not been reported much, therefore hard to

gauge redundancy of isolation based on this marker

• Detected on cultured-expanded postnatal myoblasts

(Sakai-Takemura et al., 2018)

• Detected in a subpopulation co-expressing CD271+

and myogenic transcription factors in the muscle at 8

weeks of gestation; these cells then started losing

CD271 expression at 16 weeks of gestation

CD318 + • Expression reported in 43.1% of transgene-free

iPSC-derived SMPCs (Sakai-Takemura et al., 2018)

• Failed as a sole marker to enrich transgene-free

iPSC-derived SMPCs due to undetectable expression

level (Uezumi et al., 2016)

• Efficiency to isolate PSC-derived SMPCs in

combination with other markers is unknown

• Cytoplasmic expression was detected in ∼75% of

satellite cells (Uezumi et al., 2016)

• Only the CD318+ fraction contained Pax7+/MyoD1+

adult muscle-derived SMPCs grown in hypoxic

conditions (Alexander et al., 2016)

CD362 + • Enriched SMPC population from Pax7-overexpressing

PSCs when used alongside with CD54+/integrin

α9β1+ selection (Magli et al., 2017)

• Detected on ∼95% CD54+/integrin α9β1+

proliferating SMPCs

• Efficiency to isolate transgene-free PSC-derived

SMPCs is unknown

• Efficiency as a sole marker or when used with markers

other than CD54+/integrin α9β1+ is unknown

• Expression level in PSC-derived SMPCs is rarely

reported, therefore hard to gauge redundancy of

isolation based on this marker

c-Met + • Enriched highly pure SMPCs and depleted neural cells

and other non-myogenic cell types from

transgene-free PSC-derived populations when used in

combination with CD57−/AChR− selection (Borchin

et al., 2013)

• May be redundant if not expressed on human

PSC-derived SMPCs; expressed only in 2.4% cells of

an iPSC-derived SMPC population (Sakai-Takemura

et al., 2018); failed to act as a sole marker to enrich

CRISPR/Cas9 corrected DMD iPSC-derived SMPCs

(Hicks et al., 2017)

• Efficiency as a sole marker is unknown

ErbB3 + • When used as a sole marker yielded better SMPC

enrichment from transgene-free iPSC-derived SMPC

population than CD56+/CD82+ selection

(Sakai-Takemura et al., 2018)

• Enriched transgene-free iPSC-derived SMPC

population when used in combination with

CD57−/CD108−/ErbB3+ selection (Sakai-Takemura

et al., 2018)

• Resulted in the second most efficient SMPC

enrichment from CRISPR/Cas9 corrected DMD

iPSC-derived SMPC population when used as a sole

marker, compared to CD11b, CD56, CD146, CD184,

CD271, c-Met, ITGA7 used as sole markers (Hicks

et al., 2017)

• May not be able to isolate SMPCs in all human

PSC-derived SMPC populations; failed to enrich for

SMPCs in a Pax7/Myf5 reporter ESC population when

used alongside CD271+ or CD271− selection (Wu

et al., 2018)

• Fairly new marker; expression level in PSC-derived

SMPCs have not been reported much, therefore hard

to gauge redundancy of isolation based on this marker

• Detected on CD146+ SMPCs derived from fetal muscle

(Alexander et al., 2016)

• Detected in a subpopulation co-expressing ErbB3+

and myogenic transcription factors in the muscle at 8

weeks of gestation; these cells at 16 weeks of

gestation exhibited close to 100% myotube-forming

capability if plated down

Markers with gray background have already been used to isolate human PSC-derived SMPCs. The markers with white background are the ones that have not been tested for sorting of PSC-derived SMPC but are potentially useful for

SMPC isolation. Based on our literature search, we propose that the bolded markers would be highly promising for SMPC isolation from human pluripotent sources.
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CD271+/ErbB3+ (Hicks et al., 2017), CD57−/CD56+ (Choi
et al., 2016; Hicks et al., 2017), and CD57−/AChR−/CD184+/c-
Met+ (Borchin et al., 2013; Table 2). To further improve the
efficiency of SMPC enrichment, additional studies would be
necessary to test different combinations.

REMAINING CHALLENGES TO ISOLATE
HUMAN SMPCS FROM PLURIPOTENT
STEM CELLS

The current knowledge of cell surface markers supports our
ability to isolate and characterize PSC-derived SMPCs. While a
number of positive and negative markers are potentially available
to define SMPC pools, it may still not be easy to prepare a pure
population of SMPCs from PSC-derived cells.

In recent years, several culture protocols have been developed
to derive skeletal myocytes from human PSCs. Transgene-based
SMPC derivation uses the overexpression of myogenic genes,
such as PAX7 (Darabi et al., 2012; Skoglund et al., 2014) and
MYOD1 (Tanaka et al., 2013; Abujarour et al., 2014; Yasuno
et al., 2014; Maffioletti et al., 2015). Although transgene-based
approaches yield SMPCs with high efficiency, the resulting
cells may not fully reflect the natural endogenous processes
of SMPC proliferation, differentiation, and maturation, because
such overexpression requires genetic modification (reviewed in
Jiwlawat et al., 2018). Similarly, although fluorophore-labeled
SMPCs warrant convenient isolation, the insertion of transgene
constructs that link fluorophore reporter genes to myogenic
genes present the same concerns associated with transgene-
based approaches. As such, transgene-free methods may be more
suitable to prepare SMPCs for clinical applications, because
these methods only use defined culture conditions supplemented
with factors that encourage myogenic lineage commitment.
However, the efficiency of SMPC derivation is relatively lower
in the existing transgene-free methods compared to transgene-
based approaches. Further, transgene-free SMPC derivation gives
rise to a heterogeneous cell population with an embryonic
or perinatal phenotype which contains myocytes of various
stages and other cell types (Jiwlawat et al., 2017). As such, to
obtain SMPC populations with high quality and quantity, cell
sorting using cell surface markers would be required. A better
understanding of SMPC surface markers is crucial to improve the
purity of resulting cell populations.

With the use of specific antibodies targeting only cells
expressing a particular surface marker, positive selection yields
a higher purity of the desired population. However, positively
selected cells may retain antibodies and other labeling agents,
which may interfere with downstream culture and assays.
Negatively selected cells would not carry such concern, but it is
less efficient in terms of purity to deplete all undesired cells by
only relying on negative selection. Positive selection and negative
selection can be used to purify a cell population sequentially
through several cycles of the procedure.

When designing a strategy of SMPC enrichment, we should
consider the expression level of each surface marker in unsorted
populations. Intuitively, CD29 and CD56 are well-established

surface markers that have been used for SMPC enrichment in
various cell lines. However, if an SMPC surface marker is already
very highly expressed in pre-sorted populations (>90%), it may
be redundant to enrich using this surface marker, as the purity
may not improve by much. The same applies to negative SMPC
surface markers that are already minimally expressed in unsorted
populations. A surface marker barely expressed in the unsorted
population may play an important biological role but would
not be useful as a target for live cell isolation. Similarly, if a
surface marker is also highly expressed on non-SMPC cell types,
it would no longer serve to distinguish SMPC identity from the
background cell populations.

We also need to carefully compare the rate of improvement
in muscle differentiation efficiency between the unsorted and
sorted populations. When quantifying the success rate of SMPC
enrichment, the in vivo capacity of muscle regeneration should
be taken into consideration alongside the ability of the cells
to differentiate into muscle in vitro. Forming new muscle
fibers, repopulating the satellite cell niche, and vascularization
of the affected area are all crucial to establish the structural
integrity and functionality of the regenerated muscle tissue.
It is possible that unsorted SMPC populations may perform
better after transplantation, as these more heterogenous unsorted
populations could contain cells that play a supporting role for
muscle repair and regeneration. “Enriched” SMPC populations
may show an increased rate of myotube formation in vitro
where conditions are strictly controlled. However, these cells
may engraft more poorly than unsorted populations due to
the absence of non-SMPC support cells. Therefore, the purpose
of SMPC enrichment should be considered when selecting
surface markers, as the resulting cell population most ideal
for in vitro modeling may not also be the most ideal for
transplantation studies.

Our literature search further verifies that a surface marker
profile cannot be assumed to be similar for all SMPC lines. A
surface marker could enrich SMPCs from one cell line very well
only to be rendered useless in another cell line. For example,
CD271 and ErbB3 efficiently enriched SMPCs derived via both
transgene-free and transgene-based methods from several PSC
lines (Hicks et al., 2017; Sakai-Takemura et al., 2018). However
in a different paper, when a combination of CD271 and Erb3
was used for an ESC line (Pax7/Myf5 reporter ESC), the similar
efficiency of SMPC enrichment could not be replicated (Wu
et al., 2018). Thus, more comprehensive isolation strategies
that account for expression-level variability are warranted. The
variance in antibody binding affinity from different suppliers
should also be carefully considered when designing an antibody-
based isolation strategy as well as in data interpretation.

When differentiating skeletal myocytes from human PSCs,
there has been inconsistency between studies with regards
to evaluating differentiation efficiency and myocyte maturity
(reviewed in Jiwlawat et al., 2018). It would be greatly beneficial
in the field to establish standards for these evaluations in order
to make better comparisons across protocols. To achieve this
goal, cell characterization using specific surface markers against
PSC-derived SMPCs would be crucial. Another challenge in the
field is that cultured skeletal myocytes often retain an embryonic
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or perinatal phenotype. While better establishment of culture
technique would be required to obtain SMPCs andmyocytes with
sufficient quality, it would also be worthwhile to define stage-
specific markers to distinguish embryonic, perinatal, and adult
phenotypes of SMPCs and myoblasts.

To date, a majority of SMPC surface markers were profiled
based on the knowledge from satellite cells, resident SMPCs
located between the basal lamina and sarcolemma of adult muscle
fibers. Even though these possible markers can be used to sort
SMPCs into subpopulations, it remains uncertain whether these
subpopulations are homogeneous in their function and lineage
commitment. Moreover, given the fact that satellite cells from
different in situ locations within the same donor can have distinct
molecular signatures (Harel et al., 2009; Sambasivan et al., 2009),
these markers should not be utilized alone to unequivocally
identify SMPCs, especially “de novo SMPCs” derived from PSCs.
Additionally, contradictory reports on marker expression on
SMPCs imply that different culture conditions may lead to the
heterogeneity of SMPCs. Different culture media and durations
would influence the expression of specific markers in timepoint-
and sample-dependent manners. Ultimately, it would be more
helpful if a sole marker was available to specifically enrich only
SMPCs. For other stem cell types such as HSCs and MSCs, cell
surface markers are already well-characterized and defined for
identification. In contrast, our knowledge in the field of myogenic
progenitors is still developing. To advance, additional studies are
needed to discover specific markers that can be used alone to
detect a pure population of SMPCs.

Lastly, another concern is that throughout the reports there
is inconsistency on how to evaluate the myogenic potential
in sorted cell pools. Some studies examined commitment
to the myogenic lineage based on a pooled expression of
common muscle cell markers, whereas several other studies only
identified the expression of one marker. When comparing in
vivo regenerative capacity using intramuscular transplantation,
the results may also vary depending on the animal models used,
howmuscle injury was induced, the number of cells transplanted,
the duration between transplantation and analysis, and the
position in muscle used for section preparation and analysis.

Furthermore, calculation of myotube formation efficiency may
differ based on the usage of immunohistochemical staining,
the counting of positive cells in a field of view, the number
of nuclei per myotube, and the percentage of nuclei within
myotubes. Since the ability to generate fully matured myotubes
is pivotal for transplanted SMPCs to have clinical significance, a
comprehensive analysis of the anatomical features, physiological
functionality and fiber type expressed should be performed to
gauge the state of myotube maturity.

CONCLUDING REMARKS

Recent studies have offered valuable knowledge regarding cell
surface markers to identify SMPCs. While promising positive
and negative markers have been identified using different SMPC
types, it remains challenging to use them for sorting human PSC-
derived SMPCs in efficient ways. Furthermore, there is still a need
to standardize methods of quantifying SMPC properties in order
to facilitate comparisons between surface marker expressions.
This would allow for precise utilization of SMPC surface markers
to enhance the enrichment and differentiation of SMPCs. Having
control over the composition of SMPC populations could lead to
new state of the art uses for disease modeling, drug testing, and
therapeutic development.
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Both tendon injuries and tendinopathies, particularly rotator cuff tears, increase with
tendon aging. Tendon stem cells play important roles in promoting tendon growth,
maintenance, and repair. Aged tendons show a decline in regenerative potential
coupled with a loss of stem cell function. Recent studies draw attention to aging
primarily a disorder of stem cells. The micro-environment (“niche”) where stem cells
resided in vivo provides signals that direct them to metabolize, self-renew, differentiate, or
remain quiescent. These signals include receptors and secreted soluble factors for cell-
cell communication, extracellular matrix, oxidative stress, and vascularity. Both intrinsic
cellular deficits and aged niche, coupled with age-associated systemic changes of
hormonal and metabolic signals can inhibit or alter the functions of tendon stem cells,
resulting in reduced fitness of these primitive cells and hence more frequent injuries and
poor outcomes of tendon repair. This review aims to summarize the biological changes of
aged tendons. The biological changes of tendon stem cells in aging are reviewed after a
systematic search of the PubMed. Relevant factors of stem cell aging including cell-
intrinsic factors, changes of microenvironment, and age-associated systemic changes of
hormonal and metabolic signals are examined, with findings related to tendon stem cells
highlighted when literature is available. Future research directions on the aging
mechanisms of tendon stem cells are discussed. Better understanding of the molecular
mechanisms underlying the functional decline of aged tendon stem cells would provide
insight for the rational design of rejuvenating therapies.

Keywords: tendon-derived stem cells, tendon stem cells, stem cell niche, tendon aging, stem cell aging
INTRODUCTION - BIOLOGICAL CHANGES OF AGED TENDONS

Aging is known to reduce the regenerative capacity and increase the susceptibility of tissues and
organs, including tendons, to injuries. Both tendon injuries and tendinopathies, particularly rotator
cuff tears, increase with tendon aging (Teunis et al., 2014; Albers et al., 2016). In a systematic review
including 30 studies with 6,112 shoulders, the prevalence of rotator cuff abnormalities increased
with age, from 9.7% in patients aged 20 years and younger to 62% in patients aged 80 years and
above (Teunis et al., 2014). Lower extremity tendinopathy was also reported to be more prevalent
among older patients (Albers et al., 2016).
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Structural Changes
Aged tendons exhibited structural, compositional and
biomechanical changes. Aged tendons appeared yellowish
(mucoid degeneration) (Zhang et al., 2016). Collagen fibers were
less organized in aged mouse patellar tendons (Dunkman et al.,
2013). Ultrastructural analysis of distribution of fibril diameters
indicated an increase of a subpopulation of large fibrils in aged
mouse patellar tendons (Dunkman et al., 2013) and Achilles
tendons (Gehwolf et al., 2016). There were inconsistent findings
regarding the change of vascularity andbloodflow in tendonduring
aging, depending on the species, tendon types, and definition of
aging. While there was no age-associated change in vascularity in
equine superficial digital flexor tendons (aged 2 to 23 years) (Gillis
et al., 1997), aged rat patellar tendons (20-month-old)were reported
to be highly vascular (Zhang et al., 2016). An early human study
reported a reduction of vascularity in the supraspinatus tendons
with age (aged 20–70 years) (Brewer, 1979). While there was no
change in the rate of blood flow in the flexor tendons with age in a
rabbit study (Landi et al., 1983), there was a significant decrease in
blood flow in the intratendinous region of rotator cuff of elderly
subjects compared with younger subjects (Funakoshi et al., 2010).
Rudzki et al. (2008) reported a significant decrease in blood flow in
intact supraspinatus tendon in asymptomatic subjects older than40
years compared with younger subjects after exercise. Non-
tendinous tissues such as fatty and cartilaginous tissues as well as
calcification were reported in aged tendons in both animal models
and human (Iagnocco et al., 2013; Zhang andWang, 2015; Gehwolf
et al., 2016;WoodandBrooks, 2016;Zaseck et al., 2016).Thesenon-
tendinous tissues compromise tendon structure and reduce
tendon’s biomechanical properties.

Compositional Changes
Tenocytes are the major cell types in tendons. The cell number
decreased; tenocyte dedifferentiated and senescent; and their
proliferation and metabolic activity reduced with aging
(Ippolito et al., 1980; Josa and Kannus, 1997; Tsai et al., 2011;
Dunkman et al., 2013; Yu et al., 2013).

The expression of extracellular matrix (ECM) genes and ECM
remodeling gene were significantly reduced in aged Achilles
tendons (Kostrominova and Brooks, 2013; Yu et al., 2013;
Gehwolf et al., 2016; Wood and Brooks, 2016). The mRNA
expression of collagen types I, III, and V, elastin and proteoglycan
4 (lubricin) in rat tendons decreased with age though
immunostaining showed no apparent differences in protein levels
of collagen type I and typeV (Kostrominova andBrooks, 2013).The
mRNAexpressionof collagen type Iwas reported tobe similar in rat
Achilles tenocytes in young (2 months) and aged (24 months)
groupsbut themRNAexpression andenzymatic activities ofMMP-
2 andMMP-9 was significantly higher while the mRNA expression
of tissue inhibitor of metalloproteinase-1 (TIMP-1) and TIMP-2
were significantly lower in the aged group compared to the young
group in vitro (Yu et al., 2013). The expressions of collagen type I
and type III genes were reduced in aged mouse Achilles tendons
(Gehwolf et al., 2016). The collagen content of agedmouse Achilles
tendonwas similar to their young counterpart (Gehwolf et al., 2016)
but the level decreased in canine patellar tendon with aging (Haut
Frontiers in Genetics | www.frontiersin.org 2145
et al., 1992). In a small clinical study involving 7 old men and 10
young men, the collagen concentration in the patellar tendon
biopsies was lower in the old men compared to that in the young
men with a similar physical activity level, supporting the reduction
in collagen during the aging process (Couppe et al., 2009).

Proteoglycans are important for regulating collagen fibril
assembly, fiber size, and fiber sliding as well as cellular functions.
The age-associated changes of proteoglycans were inconclusive.
Thorpe et al. (2016) reported no change in the mRNA expression
of collagens and proteoglycans as well as protein and mRNA levels of
matrix remodeling enzymes in equine superficial digital flexor
tendons with age (3.3 ± 0.6 years versus 19.0 ± 1.7 years). There
was also no difference in the mRNA expression of biglycan, decorin,
fibromodulin, and lumican in the patellar tendons of aged mice
(Dunkman et al., 2013). While there was no change in the levels of
major matrix components with age, there was a reduction in protein
levels of several less abundant small leucine-rich proteoglycans
(fibromodulin, mimecan, asporin) in aged equine superficial digital
flexor tendons (Peffers et al., 2014). One study reported significant
lower total glycosaminoglycan, chondroitin sulphate, and dermatan
sulphate in healthy human supraspinatus tendons with age, although
there was no change in the relative proportion of different
glycosaminoglycan types (Riley et al., 1994). The concentration of
nonenzymatic cross-links was higher in the patellar tendon biopsies
of aged men compared to that in the young men in a small scale
clinical study (Couppe et al., 2009). The advanced glycation end-
products (AGEs) adduct level in tibialis anterior tendons was also
higher in aged compared to adult mice (Wood and Brooks, 2016).

Biomechanical Changes
The biomechanical properties of aged tendon were reported to be
inferior in animal and human studies. The viscoelastic properties
and mechanical strength of aged equine and mouse tendons were
reported to be lower than those of young tendons (Dudhia et al.,
2007; Dunkman et al., 2013; Zaseck et al., 2016). The mechanical
properties (maximum stress and modulus) of aged rat Achilles
tendon decreased with increasing age (Pardes et al., 2017). While
aging did not alter tendon mechanical properties during
homeostasis, i t impaired tendon healing and hence
biomechanical properties of flexor tendon in mice (Ackerman
et al., 2017). Aged flexor tendons showed similar mechanical
strength (maximum load to failure and ultimate tensile stress)
but was significantly stiffer (higher Young’s modulus and
stiffness) compared to young tendons (Gehwolf et al., 2016).
Aged human Achilles tendons were also stiffer compared to
young tendons as shown by sonoelastography (Turan et al.,
2015). Aged human patellar tendons had significantly lower
elastic modulus and shear wave velocity compared to young
tendons as indicated by shear wave elastography (Hsiao et al.,
2015). In a systematic review of age-related changes of
biomechanical properties of healthy Achilles tendon, its
stiffness, and elastic modulus decreased in older compared to
younger adults (Delabastita et al., 2018). The responses of human
Achilles and patellar tendons to transverse strain was reduced by
2.5% for every 10 years of life (Dudhia et al., 2007). Table 1
summarizes the biological changes of aging tendons.
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Consequently, the structure, composition, and biomechanical
properties of aged tendons are compromised and aged tendons are
prone to higher risk of tendon injuries, re-injuries, and
tendinopathy as well as treatment failure (de Jonge et al., 2011;
Teunis et al., 2014; Salini et al., 2015;Albers et al., 2016). The odds of
a rotator cuff tear increased by 2.69-fold for every 10 years of age
(Fehringer et al., 2008). After injury, aged tendons require very long
time for rehabilitation. The current treatment modalities fail to
completely restore tendon function. A summary of biological
changes of aging tendons is showed in Table 1.

Tendon Aging as a Problem of Aging of
Tendon Stem Cells and Their Niche
Recent studies draw attention to aging being primarily a disorder
of stem cells with a decrease in the number and functional fitness
of tissue-specific adult stem cells (Sharpless and DePinho, 2007;
Fukada et al., 2014). Tendon stem cells have been recently
identified in tendons of various species (Bi et al., 2007; Rui et al.,
2010). Stem/progenitor cells isolated from tendon mid-substances
of various species, called tendon-derived stem cells (TDSCs),
showed standard mesenchymal stem cell (MSC) characteristics,
with expression of typical MSC surface antigens, self-renewal,
colony-forming, and tri-lineage differentiation potential (Rui
et al., 2010; Lui and Chan, 2011; Lui, 2015). In addition, they are
able to form tendon- and enthesis- like tissues when implanted in
vivo. TDSC expressed higher Oct4 level, showed higher
clonogenicity and proliferative, and differentiation capacity
compared to BMSC (Tan et al., 2012). TDSCs expressed
embryonic stem cell markers and are different from tenocytes
which are terminally differentiated cells (Zhang and Wang,
2010a). Recent studies showed that the functions of TDSCs
declined or skewed with age in vitro. An in-depth understanding
of the molecular mechanisms controlling tendon stem cell aging is
essential to inform the development of stem cell-based therapeutics
that can slow, or even forestall age-associated degenerative changes
as well as enhance repair of aged tendons.

Niche is a specialized dynamic micro-environment which
regulates stem cells’ functions and fate. Aging of cellular and
acellular components of the niche can alter stem cell functions.
Numerous studies showed that exposure of stem cells to a young
systemic environment restored the regenerative capacity of stem
cells in various tissues in aged mice (Conboy et al., 2005; Ruckh
et al., 2012). Transplantation of aged spermatogonial stem cells
Frontiers in Genetics | www.frontiersin.org 3146
to the testes of young male mice was sufficient to maintain stem
cell functions (Sato et al., 2011). These findings underscore a
major role of aging of the niche in the functional decline of stem
cells and suggest opportunities of reversing tissue aging by
targeting the niche.

Scope of Review and Search Strategy
This review aims to summarize the biological changes of tendon
stem cells in aging after a systematic search of PubMed. Relevant
factors of stem cell aging including cell-intrinsic factors, changes of
microenvironment, and systemic changes of hormonal and
metabolic signals are reviewed, with findings on tendon stem cells
highlighted when literature is available. Future research directions
on the aging mechanisms of tendon stem cells are discussed.

In this review, “TDSCs” refer to stem/progenitor cells isolated
from tendon mid-substances in vitro while “tendon stem cells”
refer to stem/progenitor cells residing in situ in tendon mid-
substances. TDSCs are often used as in vitromodel to understand
the physiology of tendon stem cells residing in situ in tendon
mid-substances. The properties of tendon stem cells may change
due to cell isolation and in vitro culture conditions. “Tenocytes”
refer to terminally differentiated cells in tendons.

For the studies on aged TDSCs, the PubMed database was
searched with the keywords ((tendon[Title/Abstract]) AND
(ageing[Title/Abstract] OR aging[Title/Abstract] OR age[Title/
Abstract])) AND (stem cells[Title/Abstract] OR progenitor) on
25 Jan 2019 and updated on 22 Sep 2019 with no restriction in
language and year of publication. The studies were selected after
reviewing the titles and abstracts. Original studies investigating
the biological changes of stem cells in tendons, either in vitro or
in situ, in aging were included. A total of 74 articles was
identified. Of these, 16 studies are eligible. Another two studies
were identified by hand search. Therefore, a total of 18 studies
were included in this review and all of them are on the biological
changes of TDSCs of aged tendons. There were no studies on
aging of tendon stem cells in situ. Table 2 summaries the studies
on the biological changes of TDSCs in aging.
CHARACTERISTICS OF AGED TDSCS

Phenotypes of Aged TDSCs
Young TDSCs were reported as spindle or cobble-stone shape in
previous studies (Rui et al., 2010; Zhang and Wang, 2015).
However, TDSCs isolated from aged human, mouse and rat
tendons were reported to be heterogeneous, much larger and
show a round and flattened appearance (Wu et al., 2015; Zhang
and Wang, 2015). The stiffness of aged rat TDSCs was higher
than that of young TDSCs (Wu et al., 2015; Kiderlen et al., 2019).
The increase in size and irregular shape of aged TDSCs might be
associated with the dense cytoskeleton organization, which could
lead to an increase in both stiffness and viscosity (Wu et al., 2015;
Kiderlen et al., 2019). Indeed, the actin stress fiber content was
higher and the turnover of actin filaments was slower in TDSCs
isolated from aged/degenerated human Achilles tendon
compared to TDSCs isolated from young/healthy tendons
TABLE 1 | Summary of biological changes of aging tendons.

• Yellowish color
• Enlargement of a subpopulation of collagen fibril size and change of fibril size
distribution
• Disorganized collagen fibers
• Inconclusive findings on blood flow and vascularity
• Ectopic formation non-tendinous tissues including fat, cartilage and bone tissue
• Decreased cellularity
• Dedifferentiation and senescence of tenocytes
• Reduced proliferation and metabolic activity of tenocyte
• Inconclusive findings on change of collagen and proteoglycan content and
composition
• Accumulation of advanced glycation end-products (AGEs)
• Inferior biomechanical properties particularly viscoelasticity
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TABLE 2 | Summary of biological changes of tendon-derived stem cells (TDSCs) in aging.

Species Major findings References

Mice Young TDSCs were cobblestone-shaped while the shape of aged TDSCs were heterogeneous. Aged TDSCs proliferated slower and
expressed lower levels of stem cell makers (Oct-4, nucleostemin, Sca1 and SSEA-1). They showed reduced tri-lineage differentiation potential
compared to young TDSCs. Moderate mechanical stretching (4%) increased while 8% stretching decreased the expression of nucleostemin in
aged TDSCs. Moderate mechanical stretching also increased the expression of Nanog and tendon-related markers (Col1 and Tnmd). 8%
stretching increased the expression non-tenocyte-related genes (Lpl, Sox9 and Runx2) while 4% stretching had minimal effects on these
genes. Moderate treadmill running of aged mice increased the proliferation of aged TDSCs in culture, decreased lipid deposition, proteoglycan
accumulation and calcification, and increased the number of nucleostemin-expressing TDSCs in tendons.

Zhang and
Wang, 2015

Mouse The expressions of tendon transcription factor (Scx, Mkx), ECM (Col1a1, Col3a1, Dcn, Bgn, Fmod) and ECM-remodeling (Lox, Thbs1, Sparc)
genes were significantly reduced in aged tendon tissue and aged TDSCs isolated from the Achilles tendons. There was no significant difference
in the fascicle diameters between young and healthy-aged tail tendons. Aged Achilles tendon was thicker but there was no difference in the
fascicle diameters, cell density and total collagen content compared to their young counterparts. Aged Achilles tendon displayed a bimodal
distribution, with a more pronounced separation of large and small diameter fibrils and less interfibrillar area, showing no change in fibril number
when compared to young tendons whose fibril size was normally distributed. The average fibril diameter was larger for aged Achilles tendon
compared to young tendons. The fibers were less well-oriented in aged tendon. Aged flexor tendons showed similar mechanical strength
(maximum load to failure and ultimate tensile stress) but was significantly stiffer (higher Young’s modulus and stiffness) compared to young
tendons. There was an accumulation of lipid droplets in aged Achilles and tail tendons, with an increased expression of adipogenic markers
(Pparg and Cebpa) and reduced expression of b-catenin (regulator of adipogenesis).

Gehwolf
et al., 2016

Mouse Aged TDSCs (18-month old) showed lower collagen contractility than cells obtained from younger animals (6-, 9-, and 12- months old). Yin et al.,
2019

Rat Both aged and young TDSCs expressed nucleostemin, Oct-4 and SSEA-4. Aged TDSCs showed slower proliferation rate, frequency and cell
cycle progression compared to young TDSCs. The expression of tendon related marker genes (Scx, Tnmd) was reduced while adipocyte
differentiation and adipogenic markers increased in aged TDSCs. Cited2 was downregulated while CD44 was upregulated in aged TDSCs.

Zhou et al.,
2010

Rat Aged TDSCs showed lower cell proliferation, migration and tendon-related marker expression (Tnc, Tnmd, Scx) than young TDSCs. Medium of
young TDSCs under hypoxic culture condition enhanced the migration, proliferation and mRNA expression of tendon-related markers (Tnc,
Tnmd but not Scx) as well as reduced senescence of aged TDSCs.

Jiang et al.,
2014

Rat miR-135a, which directly binds to the 3’-untranslated region of ROCK1, was significantly downregulated in aged compared with young TDSCs.
Overexpression of miR-135a in young TDSCs suppressed senescence, promoted proliferation, and induced migration and tenogenic
differentiation, whereas suppression of miR-135a in aged TDSCs had the opposite effects. ROCK1 mediated the effects of miR-135a in TDSCs
as shown by gain-of-function and loss-of-function studies.

Chen et al.,
2015b

Rat Aged TDSCs were large, flat and heterogeneous in morphologies while young TDSCs were uniformly elongated. Aged TDSCs showed higher
stiffness compared to young TDSCs.

Wu et al.,
2015

Rat Moderate treadmill running accelerated tendon wound healing compared to the cage control. Moderate treadmill running also increased the
number, proliferation, stem cell marker expression (Oct-4, Nanog) and tendon-related marker expression (collagen type I, collagen type III,
tenomoduline) as well as downregulated the expression of non-tenocyte genes (Pparg, Col2 and Runx2) of TDSCs.

Zhang et al.,
2016

Rat Young decellarized ECM (DECM) preserved stem cell properties of aged TDSCs. DECM from young TDSCs enhanced the proliferation, mRNA
expression of tendon-related marker (Scx, Tnmd), protein expression stem cell marker protein expression (Oct-4, SSEA-1) of aged TDSCs. The
senescence-associated b-galactosidase activity of aged TDSCs was also decreased by young DECM.

Jiang et al.,
2018

Rat FOXP1 mRNA and protein levels were markedly decreased in the aged TDSCs. Overexpression of FOXP1 attenuates TDSCs aging, as shown
by reduced senescence-associated b-gal staining and expression of senescence marker, p16INK4A. FOXP1 overexpression also restores the
age-associated reduction of self-renewal, migration and differentiation of TDSCs. Conversely, knockdown of FOXP1 promoted senescence in
young TDSCs. In addition, FOXP1 overexpression rescued decreased levels of E2F1, pRb and cyclin D1 in aged TDSCs.

Xu and Liu,
2018

Human Aged tenocyte-like cells showed lower proliferation rate, colony forming ability, collagen type I secretion and osteogenic differentiation potential
compared to their young counterparts. However, there were no significant difference in the surface expression of MSC markers (CD29, CD44,
CD73, CD90 and CD105) as well as mRNA expression of ECM (collagen type I, collagen type III, osteocalcin, decorin), TGF-b1, TGF-b2, TGF-
b3 between aged and young tenocyte-like cells.

Klatte-
Schulz
et al., 2012

Human Aged/degenerated TDSCs exhibited deficits in self-renewal and colony-forming ability. They showed significant decline in proliferative activity
and poor response to FGF2 and TGF-b1. However, their multipotency was retained. Aged/degenerated TDSCs showed earlier cellular
senescence with upregulation of p16INK4a. Microarray and gene ontology analyses revealed that differential expression of genes regulating cell
adhesion, migration and actin cytoskeleton. Aged/degenerated TDSCs showed slower migration, higher actin stress fiber content and slower
turnover of actin filaments. Analyses of microarray candidates revealed dysregulated cell-matrix interactions with lower gene expression of
collagen type I and collagen type I-binding integrins a1, a2 and a11 but higher gene expression of fibronectin and fibronectin-binding integrins
av, b3 and b5. The ROCK1 and ROCK 2 mRNA and protein levels as well as activities increased in aged/degenerated TDSCs. Inhibition of
ROCK1 and ROCK2 activities in aged/degenerated TDSCs with ROCK inhibitor restored the cell area, F-actin content and dynamics as well
as migration.

Kohler et al.,
2013

Human Aging affected the number of TDSCs isolated and colony-forming ability of TDSCs. However, tri-lineage differentiation potential of TDSCs was
not affected by age.

Ruzzini
et al., 2014

Human Pin1 mRNA and protein expression levels were significantly decreased during prolonged in vitro culture of human TDSCs. Overexpression of
Pin1 delayed the progression of cellular senescence, increased telomerase activity and decreased level of the senescence marker, p16INK4a.
Conversely, Pin1 siRNA transfection promoted senescence in TDSCs.

Chen et al.,
2015a

Human The expression of ephrin receptors EphA4, EphB2 and B4 and ligands EFNB1 were down regulated in aged TDSCs. Activation of EphA4- or
EphB2-dependent reverse signaling could restore the migratory ability and normalize the actin turnover of aged TDSCs. However, only EphA4-
Fc stimulation improved aged TDSCs’ proliferation to levels comparable to young TDSCs.

Popov et al.,
2016

(Continued)
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(Kohler et al., 2013). There was also an increase in focal adhesion
kinase complex protein paxillin and profound rearrangement of
actin cytoskeleton with an increase in actin in aged mouse
Achilles TDSCs (Gehwolf et al., 2016).
Frequency, Proliferative, and Colony-
Forming Ability of Aged TDSCs
Fewer TDSCs were isolated from aged tendons compared to
young tendons (Zhou et al., 2010; Ruzzini et al., 2014). Aged
TDSCs showed delayed cell cycle progression (Zhou et al., 2010),
lower proliferation (Zhou et al., 2010; Klatte-Schulz et al., 2012;
Kohler et al., 2013; Jiang et al., 2014; Zhang and Wang, 2015; Hu
et al., 2017), lower proliferative response to fibroblast growth
factor-2 (FGF-2), and transforming growth factor b 1 (TGF-b1)
(Kohler et al., 2013) as well as lower colony-forming ability
(Klatte-Schulz et al., 2012; Kohler et al., 2013) compared to their
young counterparts.
Stem Cell Markers and ECM Expression
and Migration Ability of Aged TDSCs
Aged TDSCs showed lower expression of stem cell markers (Oct-
4, nucleostemin, Sca-1, and SSEA-1) (Zhang and Wang, 2015)
and tenocyte-related markers (Zhou et al., 2010; Jiang et al.,
2014) as well as lower collagen type I secretion (Klatte-Schulz
et al., 2012; Kohler et al., 2013) and higher fibronectin protein
expression (Kohler et al., 2013) compared to young TDSCs.
However, Klatte-Schulz et al. (2012) reported no significant
difference in the surface expression of MSC markers (CD29,
CD44, CD73, CD90, and CD105) as well as mRNA expression of
ECM proteins (collagen type I, collagen type III, osteocalcin,
decorin), TGF-b1, TGF-b2, TGF-b3 between aged and young
human tenocyte-like cells. Zhou et al. (2010) reported no
difference in stem cell markers (nucleostemin, Oct-4, and
SSEA-4) between young and aged rat TDSCs. The aged/
degenerated TDSCs were deficient in cell adhesion, migration
and actin dynamics (Kohler et al., 2013; Jiang et al., 2014). Aged
mouse TDSCs showed lower collagen adhesion and contractility
compared to their younger counterparts (Yin et al., 2019). This is
consistent with change of transcriptome, especially in genes
regulating cell adhesion, migration, and actin cytoskeleton, in
aged human Achilles TDSCs (Kohler et al., 2013).
Frontiers in Genetics | www.frontiersin.org 5148
Differentiation Potential of Aged TDSCs
While two studies reported similar tri-lineage differentiation
potential of young and aged human TDSCs (Kohler et al., 2013;
Ruzzini et al., 2014), one study reported higher adipogenic
differentiation potential of aged rat TDSCs (Zhou et al., 2010) and
another study showed lower osteogenic differentiation of aged
human tenocyte-like cells (Klatte-Schulz et al., 2012). Zhang and
Wang (2015) reported reduced tri-lineage differentiation potential
of aged TDSCs compared to their young counterparts. Han et al.
(2017) showed that the tenogenic differentiation capacity, collagen
type I concentration, and expression of tendon-related markers
(Scx, Tnmd, Dcn, Bgn, Col1, and Col3) of human Achilles TDSCs
decreased with advancing age. Treatment of human TDSCs with
tarzarotene, a retinoic acid receptor (RAR) agonist, inducednuclear
translation of scleraxis and inhibited spontaneous cell
differentiation via histone methylation but not histone acetylation
inRAR signaling, suggesting that histonemethylation plays roles in
the differentiation of tendon stem cells (Webb et al., 2016).
Regulation of methylation status of aged TDSCs may help to
restore the tenogenic differentiation potential of TDSCs and this
requires further research.
INTRINSIC CELLULAR DEFICITS

Cellular Senescence
Cellular senescence is a state in which a cell no longer has the
ability to proliferate (Collado et al., 2007; Hoare et al., 2010).
Senescent cells are irreversibly arrested at the G1 phase of the cell
cycle and do not respond to various external stimuli, but they
remain metabolically active (Collado et al., 2007; Hoare et al., 2010).
Cellular senescence can be triggered by a number of cellular stresses,
including oxidative stress, telomere dysfunction, non-telomeric
DNA damage, epigenetic derepression of the INK4a/ARF locus,
and oncogenic activation (Collado et al., 2007). Senescent cells are
characterized by shortened telomeres, increased activity of
senescence-associated b-galactosidase (SA-b-gal), increased
expression of p16INK4a, p53, p15INK4B, and p21WAF1/Cip1, and
histological changes (Collado et al., 2007; Hoare et al., 2010).
Cellular senescence is a potent tumor suppression mechanism. It
is seen in aged or damaged tissues, and is associated with reduced
regenerative capacity with age. Similar to other tissue-specific stem
TABLE 2 | Continued

Species Major findings References

Human CITED2 mRNA and protein expression levels were significantly higher in young TDSCs than in old TDSCs. Old TDSCs displayed lower cell
proliferation and higher senescence compared with young TDSCs. High level of CITED2 protein expression in young TDSCs correlated with
the downregulation of SP1 and p21 and upregulation of MYC, suggesting the mechanism by which CITED2 upregulates TDSC proliferation.
TGFb2 downregulated the expression of CITED2 gene and knockdown of CITED2 abolished the effect of TGFb2 on TDSC proliferation
and senescence.

Hu et al.,
2017

Human Tenogenic differentiation capacity of TDSCs decreased significantly with advancing age. Aged TDSCs showed higher b-galactosidase activity
and p16 and concurrently lower collagen type I concentration and expression of tendon-related markers (Scx, Tnmd, Bgn, Dcn, Col1, and
Col3). Overexpression of p16 significantly inhibited tendon-related marker expression in young TDSCs and the inhibitory effect was mediated
by miRNA-217 and Egr1.

Han et al.,
2017

Human The cell stiffness and size of aged TDSCs were higher than young TDSCs. The aged TDSCs also showed a denser, well-structured actin
cytoskeleton which correlated with the augmented cell stiffness. Treating aged TDSCs with ROCK-inhibitor, reversed these age-related
changes, and has rejuvenating effect on cell morphology and stiffness.

Kiderlen
et al., 2019
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cells, aged TDSCs displayed cellular senescence (Kohler et al., 2013;
Jiang et al., 2014; Han et al., 2017; Hu et al., 2017). The expression of
p21WAF1/Cip1 (Hu et al., 2017) and p16INK4a (Han et al., 2017) was
higher in human aged/degenerated Achilles TDSCs. In another
study, upregulation of p16INK4a gene and protein expression was
observed, but the gene expression of p14, p21, and p53 were
unchanged in age/degenerated human Achilles TDSCs (Kohler
et al., 2013). Further studies are required to confirm this finding.
p16INK4a is a critical effector of cellular senescence. Many studies
showed that the increase in the expression of p16INK4a with aging
was linked to the impairment of the number and/or function of
adult stem cells (Janzen et al., 2006; Molofsky et al., 2006; Sousa-
Victor et al., 2014) while abolishing p16INK4a function enhanced the
regenerative potential of stem cells (Shibata et al., 2007; Sousa-
Victor et al., 2014). Indeed, overexpression of p16INK4a inhibited
tenogenic differentiation of young TDSCs (Han et al., 2017).
Analysis of the mechanism revealed that the effect was mediated
by miR-217 and its target EGR1 (Han et al., 2017). Silencing p16 in
aged satellite cells restored their quiescence and regenerative
potential (Sousa-Victor et al., 2014). miRNA are epigenetic
regulators of multiple biological activities including stem cell
differentiation. Microarray analysis suggested that dysregulation of
the Rho-associated protein kinase (ROCK) pathway might be a key
player in TDSC aging (Kohler et al., 2013). The ROCK1 and ROCK
2 mRNA and protein levels as well as activities increased in aged/
degenerated TDSCs (Kohler et al., 2013). Inhibition of ROCK1 and
ROCK2 activities in aged/degenerated human TDSCs with ROCK
inhibitor restored the cell area, F-actin content, and dynamics as
well as migration (Kohler et al., 2013). This is consistent with the
findings of another study which treatment with ROCK inhibitor
restored the morphology and stiffness of aged human TDSCs
(Kiderlen et al., 2019). miR-135a which targets ROCK1, was
significantly downregulated in aged compared to young TDSCs
(Chen et al., 2015b). Inhibition of miR-135a was reported to
increase senescence of TDSCs (Chen et al., 2015b).
Overexpression of miR-135a in young TDSCs suppressed
senescence, promoted proliferation, and induced migration and
tenogenic differentiation in vitro (Chen et al., 2015b), suggesting
that miR-135a is a key regulator of ROCK1-induced cellular
senescence. The reduced expression of Tnmd in aged TDSCs
(Zhou et al., 2010; Han et al., 2017) may affect cellular senescence
of TDSCs as knockdown of Tnmd in mouse tail TDSC augmented
cellular senescence, reduced the gene expression of cyclin D1, and
increased the gene expression of p53 but has no effects on the gene
expression of p16 and p21 (Alberton et al., 2015). However, it is
important to note that the complete knockout of Tnmd was
artificially created in the animal model which might be different
from the reduced expression of Tnmd in aged TDSCs. miR124
suppressed collagen formation during tenogenic differentiation of
human TDSCs via suppressing EGR1 expression while anti-miR124
promoted it, suggesting that miR124 might be a promising
therapeutic target for TDSC and tendon aging (Wang et al., 2016).

Pin1 (peptidyl-prolyl cis-trans isomerase), an enzyme which
regulates conformational changes of phosphoproteins, is an
important enzyme necessary for healthy aging and prevention
of age-related diseases. Deficiency of Pin1 in mice caused an
Frontiers in Genetics | www.frontiersin.org 6149
early-aging phenotype (Driver and Lu, 2010). Overexpression of
Pin1 was reported to delay the progression of cellular senescence,
increase telomerase activity and decrease expression of p16INK4A

while Pin1 knockdown promoted senescence of TDSCs in vitro,
confirming that Pin1 is also an important regulator of tendon
stem cell aging (Chen et al., 2015a). The Pin1-mediated anti-
aging signaling mechanism might offer an attractive therapeutic
target for protection against tendon aging.

Forkhead box P1 (FOXP1) plays a crucial role in tendon stem
cell aging. FOXP1 directly repressed transcription of p16INK4A
in BMSCs (Li et al., 2017). It controlled MSC fate and senescence
during skeletal aging (Li et al., 2017). A recent study showed that
the expression of FOXP1 mRNA and protein levels decreased
markedly in aged TDSCs. Overexpression of FOXP1 attenuated
TDSC aging with a decrease in SA-b-gal staining and p16INK4A

expression (Xu and Liu, 2018). It also rescued decreased levels of
E2F1, pRb, and cyclin D1 and restored self-renewal, migration
and differentiation in aged TDSCs (Xu and Liu, 2018).
Conversely, depletion of FOXP1 by siRNA promoted
senescence of young TDSCs.

CITED2 is a transcription factor implicated in the control of
cell proliferation and cellular senescence. Aged human Achilles
TDSCs were shown to display lower mRNA and protein
expression of CITED2 as well as lower proliferation and higher
cellular senescence compared to young TDSCs (Zhou et al., 2010;
Hu et al., 2017). Moreover, TGF-b2 was reported to
downregulate the expression of CITED2 gene and knockdown
of CITED2 abolished the effect of TGF-b2–mediated TDSC
senescence (Hu et al., 2017). The effects of TGF-b2 inhibitors
and CITED2 activators in reversing the senescence of aged
TDSCs and tendon aging await further studies.

Accumulation of Damaged DNA
and Proteins
Aging is one of the major risk factors for DNA damage, protein
mis-folding and accumulation. Age-dependent deficits of the
autophagy-lysosomal and ubiquitin-proteasome systems, which
remove the damaged proteins, were reported in recent studies
(Rubinsztein et al., 2011; Tomaru et al., 2012). However, other
studies argued that it was the increase in damage caused by
metabolic stress, not the decrease in autophagy potential and
proteasome activity, which overwhelmed the protective capacity
of proteolytic systems in aged cells (Warr et al., 2013). Inhibition
of autophagy has been shown to inhibit self-renewal and
differentiation of stem cells, including TDSCs (Cheng et al.,
2015; Chen et al., 2016; Sbrana et al., 2016). Tendon aging is
dependent at least in part on the actions of mechanistic target of
rapamycin (mTOR). Long-term dietary administration of
rapamycin, an inhibitor of mTOR, was reported to attenuate
aged-associated increase in stiffness; decrease in elastiscity,
cellularity, and progression of spontaneous tendon calcification;
as well as enhance collagen turnover in aged mouse tendons
(Wilkinson et al., 2012; Zaseck et al., 2016). Autophagy plays an
important role in regulating the self-renewal capacity and stemness
of human TDSCs through suppressing reactive oxygen species
(ROS) production. Treatment of human TDSCs isolated from
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supraspinatus tendon of adult donors (26–34 years old) with
starvation or rapamycin prevented H2O2-induced loss of self-
renewal capacity and stemness (Chen et al., 2016). The effects
were mediated by increasing autophagy activity and suppressing
ROS production in TDSCs (Chen et al., 2016). On the other hand,
inhibition of autophagy reduced the protective effects of starvation
and rapamycin on H2O2-treated cells (Chen et al., 2016).
AGED NICHE

Cell-Cell Communication
Stem cells interact with each other or niche cells via direct
interaction of membrane proteins or secretion of soluble factors.
The changes of membrane proteins or secretome of stem cells or
niche cells during aging therefore could impact stem cell fate and
functions. Ephrin are receptor tyrosine kinases formediating short-
distance cell-cell communication. Specifically, ephrins were
reported to regulate the attachment, spreading, migration,
differentiation, and age-associated senescence of stem cells
(Arthur et al., 2011; Goichberg et al., 2013; Li and Johnson, 2013).
Dysregulated cell-cell communication and hence proliferation,
motility, and actin turnover of aged TDSCs were reported to be
mediated by down-regulation of ephrin receptors EphA4, EphB2,
and EphB4 and ligands EFNB1 (Popov et al., 2016). Interestingly,
activationofEphA4-orEphB2-dependent reverse signaling inaged
TDSCs restored migratory ability and normalized actin turnover
while activation of EphA4 reverse signaling increased proliferation
of aged TDSCs (Popov et al., 2016).

Extracellular Matrix
The ECM of tendon consists primarily of collagens (mainly
collagen type I), proteoglycans, and glycoproteins. ECM
functions to provide mechanical strength to tendon. In
addition, it also functions to retain resident cells in place,
localize and create gradients of instructive signals that guide
stem cells in their processes of self-renewal and differentiation.

The alterations in the composition, topography and
organization of ECM of aged tendons therefore can contribute
to the loss of functions of tendon stem cells. While tendon-
derived decellularized matrix promoted tendinous phenotype
and inhibited osteogenesis of TDSCs in the presence of
osteogenic induction conditions, bone-derived decellularized
matrix induced osteogenic differentiation of TDSCs (Yin et al.,
2013). The accumulation of AGEs with age likely plays a
significant role in stem cell dysfunction during tendon aging.
AGEs are proteins or lipids that become nonenzymatically
glycated and oxidized after exposure to carbohydrates. Proteins
are usually glycated through the lysine resides. Collagen, which is
rich in lysine, is frequently glycated. Non-enzymatic glycation of
collagen type I diminished collagen-proteoglycan binding and
weakened cell adhesion and migration (Reigle et al., 2008). The
formation of AGEs also resulted in the denaturation and cross-
linking of collagen and the AGEs were nearly irreversible once
formed. The mechanical and biological functions of long-lived
proteins like collagen are therefore affected in the aging process.
Frontiers in Genetics | www.frontiersin.org 7150
AGEs also increased the activity of transglutaminase, a cross-
linking enzyme of ECM proteins, in tenocytes in vitro, further
promoting collagen cross-linking (Rosenthal et al., 2009). The
collagen cross-links limited fiber sliding, reduced viscoelasticity
of tendon, and hence increased its stiffness and brittleness (Reddy,
2004; Gautieri et al., 2017), consistent with the increase in tendon
stiffness with age (Andreassen et al., 1981; Haut et al., 1992).Matrix
stiffness is known to regulate proliferation and lineage commitment
of MSCs (Engler et al., 2006; Nam et al., 2011; Lee et al., 2014;
Navaro et al., 2015). Matrix with lower stiffness promoted
chondrogenic differentiation, whereas matrix with high stiffness
promoted osteogenic differentiation of stem cells (Nam et al., 2011;
Navaro et al., 2015). The increase in matrix stiffness as a result of
age-induced collagen cross-links might underlie higher non-
tenogenic differentiation potential of aged TDSCs. Bone
morphogenetic protein-2 (BMP-2) stimulated non-tenogenic
differentiation and promote proteoglycan deposition of TDSCs in
vitro (Rui et al., 2013). A recent study showed that AGEs increased
BMP-2 expression and accelerated progression of atherosclerotic
calcification in diabetes (Wang et al., 2012). AGEs were also
reported to increase the mRNA expression of BMP2, BMP4, and
osteogenic markers of human yellow ligament cells isolated from
cervical spine (Yokosuka et al., 2007). There has been no study
about the effects of AGEs on TDSCs and is an area worthy
of investigation.

The ECM composition can affect tendon stem cell fate. A
deficiency in proteoglycans (biglycan and fibromodulin) resulted
in altered differentiation of TDSCs towards the osteogenic linage
via modulating the BMP signaling (Bi et al., 2007). Secreted
protein acidic and rich in cysteine (Sparc), also known as
osteonectin, is a collagen-binding matricellular glycoprotein
involved in collagen fibril assembly and procollagen
processing. It regulates cell-ECM interactions impacting upon
cell signaling, adhesion, proliferation, migration, and survival.
Sparc also regulates adipogenesis by modulating cell
adhesiveness and cytoarchitecture. A recent study reported that
the expression of Sparc decreased in aged mouse Achilles tendons
(Gehwolf et al., 2016). The decrease in Sparc expression led to a
more contracted phenotype, an altered actin cytoskeleton, and an
elevated expression of the adipogenic marker genes Pparg and
Cebpa with a concomitant increase in lipid deposits in both aged
andSparc -/-mouse tendons, a phenomenon that is commonly seen
in elderly (Gehwolf et al., 2016).

The cytoskeleton of a cell and cell-matrix interactions affect
stem cell migration, proliferation, and differentiation. Cell
migration is strongly dependent on fibronectin, actin
cytoskeletal organization, and turnover rate of actin filament.
Integrins bind stem cells to different ECM components and
regulate downstream signaling which are important for stem cell
self-renewal and proliferation (Piwko-Czuchra et al., 2009; Ellis
and Tanentzapf, 2010). Aged/degenerated TDSCs showed lower
actin turnover, gene expression of collagen type I, and collagen
type I-binding integrins a1, a2, and a11 but higher gene
expression of fibronectin, fibronectin-binding integrins av, b3,
and b5 compared to young/healthy TDSCs (Kohler et al., 2013).
The changes therefore might cause poor cell adhesion, migration,
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and actin dynamics of aged/degenerated TDSCs (Kohler et al.,
2013). Integrin receptors and their ECM ligands function
upstream of RhoA/ROCK signaling. Both the expression and
activities of ROCK1 and ROCK2, which mediate RhoA-induced
actin stress fiber formation via phosphorylation of myosin light
chain (Schmitz et al., 2000), increased in aged/degenerated
TDSCs (Kohler et al., 2013). Inhibition of ROCK1 and ROCK2
activities in aged/degenerated TDSCs with ROCK inhibitor Y-
27632 restored the cell area, F-actin content and dynamics as
well as migration ability, with results comparable to young/
healthy TDSCs (Kohler et al., 2013).

CD44 is a cell-surface glycoprotein involved in cell adhesion
and migration. As the expression of CD44 is implicated in poor
tendon healing (Favata et al., 2006; Ansorge et al.,2009), the
increased expression of CD44 in aged rat TDSCs might
contribute to reduced tendon repair capacity with age (Zhou
et al., 2010). Overexpression and knockdown experiments of
CD44 in aged TDSCs would shed light on the aging mechanisms.

Collagen fibers are poorly organized in aged tendons
(Gehwolf et al., 2016). This is partly due to chronic-
inflammation and alteration in the production and activities of
MMPs in aged tendons (Yu et al., 2013). The change of
organization of collagen fibers from an intact, tightly-packed
parallel orientation to amore randomarrangement in aged tendons
could affect the fate of resident tendon stem cells. Human fetal
TDSCs seeded onto randomly-oriented fibrous scaffold underwent
osteogenesis with lower levels of integrin a1, a5, and b1 subunits
compared to cells seeded onto aligned fibers (Yin et al., 2010).

Locally Produced Biological Signals
Aging causes changes in the local production of biological signals
at the stem cell niche which can profoundly impact tissue stem
cell functions. Growth factors such as FGF, insulin growth
factor-1 (IGF-1), vascular endothelial growth factor (VEGF),
TGF-b1, platelet-derived growth factor (PDGF) and BMPs, as
well as proteins in the Wnt/b-catenin, notch, and angiopoietin-1
signaling pathways are important modulators of stem cell
functions. The Wnt/b-catenin and BMP signaling pathways
enhanced non-tenogenic differentiation of TDSCs in vitro (Lui
et al., 2013; Rui et al., 2013). Dysregulation of Wnt/b-catenin
signaling pathway was observed in different aged stem cell and
animal models (Brack et al., 2007; Liu et al., 2007; Gehwolf et al.,
2016). However, there was no differences in mRNA expression of
connective tissue growth factor (CTGF), TGF-b1, or stromal
cell-derived factor 1 in tendons of old and young rats
(Kostrominova and Brooks, 2013). The mRNA and protein
expression of TGF-b1 also did not change with age in rat Achilles
tenocytes (Yuet al., 2013).Therewasdisruptionof circadian control
in aged mouse tendon (Yeung et al., 2014). One of the circadian
genes, Gremlin-2 (Grem2) oscillated antiphase to BMP signaling
and inhibited BMP-2 induced osteogenic differentiation of human
tenocytes (Yeung et al., 2014). The study reported reduced Grem2
expression, dysregulated BMP signaling, and spontaneous
calcification in aged mouse tendon, suggesting that inhibition of
Grem2 might be involved in the calcification of aged tendons
(Yeung et al., 2014). The growth factor profile of aged tendons
and their effects on functions of tendon stem cells should be
Frontiers in Genetics | www.frontiersin.org 8151
examined. Modulation of these growth factor signaling pathways
might shed light on strategies to prevent tendon aging and promote
healing of aged tendons after injury.

Inflamm-Aging
Aging is associated with reduced ability of the body to modulate
inflammation, resulting in chronic low-grade inflammation
termed “inflamm-aging” (Franceschi et al., 2000). Aged mice
were reported to show higher serum levels of inflammatory
cytokines such as interleukin-6 (IL-6) and tumor necrosis
factor a (TNF-a) compared to young mice (Wahl et al., 2010).
There were greater inflammatory changes with higher IL-1band
IL-6 levels in flexor digitorum tendons of aged rats performing
high repetition low force handle-pulling task (HRLF) compared
to tendons in young rats performing HRLF and aged rats not
performing HRLF (Kietrys et al., 2012). More macrophages and
CTGF-immunoreactive fibroblasts were observed in the
peritendon of supraspinatus tendons in aged rats after HRLF
(Kietrys et al., 2012). The greater chronic inflammation in aged
rat tendons after upper extremity overuse was associated with a
decrease in forelimb agility and lack of improvement of success
in reaching task (Kietrys et al., 2012). Dakin et al. (2012)
measured the level of prostaglandin E2 (PGE2) in injured
equine flexor tendons and found that the level of PGE2
increased while the level of formyl peptide receptor 2 (FRP2)/
ALX, a receptor responsible for suppressing inflammatory
response, decreased during injury with increasing age of the
horses. Uninjured tendon explants isolated from younger (<10
years) but not older horses (≥10 years) treated with IL-1b
responded by increasing FRP2/ALX receptor (Dakin et al.,
2012), suggesting that aged tendons have lower capacity to
resolve inflammation. de Gonzalo-Calvo et al. (2010) measured
the oxidative stress and inflammatory cytokines of three
volunteer groups, consisting of normoxic middle-aged people,
normoxic aged people older than 75 years, and hypoxic aged
people older than 75 years. The results showed that the
antioxidant defenses of older people with hypoxia was lower.
Serum TNF-a was significantly increased in the aged population
while IL-6 was highly elevated in the hypoxic elderly population
(de Gonzalo-Calvo et al., 2010). Another recent clinical study on
831 subjects showed that circulating mitochondrial DNA
(mtDNA) increased with age and significantly contributed to
the maintenance of chronic, low-grade inflammation observed in
the elderly subjects with an increase in serum TNF- a, IL-6,
RANTES, and IL-1ra (Pinti et al., 2014). Moreover, mtDNA
values of siblings were directly correlated, suggesting a role for
familiar/genetic background in controlling the levels of circulating
mtDNA (Pinti et al., 2014). In vitro stimulation of monocytes with
mtDNA resulted in an increased production of TNF-a, supporting
that mtDNA could modulate the production of proinflammatory
cytokines (Pinti et al., 2014). These findings supported that aged
individuals exhibited reduced capacity to resolve inflammation and
aging might scramble tendon stem cell functions and promote the
development of chronic tendinopathy through these pathways.
Indeed, high concentration of PGE2 was reported to reduce the
proliferation and enhance non-tenocyte differentiation of TDSCs
(Zhang andWang, 2014). IL-1b irreversibly inhibited tenogenic and
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adipogenic differentiation as well as reversibly inhibited
chondrogenic and osteogenic differentiation of TDSCs isolated
from injured mouse Achilles tendons (Zhang et al., 2015). IL-6
was reported to stimulate rat Achilles TDSCs’ proliferation and
entry into cell cycle but inhibited the expression of tendon-related
markers (Chen et al., 2018). Recent studies showed that senescent
cells exhibited a robust increase in mRNA expression and secreted
numerous bioactive factors, including degradative enzymes,
inflammatory cytokines, and growth factors, which might drive
stem cell dysfunction in aged stem cells through paracrine signaling
(Coppe et al., 2010; Campisi et al., 2011). Whether this mechanism
also accounts for age-related degenerative disorders of tendons and
the factors secreted by senescent cells during tendon aging needs
further research. The damage of DNA of stem cells and niche cells
were hypothesized to be major contributors to inflamm-aging and
the effect was propagated and amplified by macrophages (Bonafe
et al., 2012). More researches are needed to verify this hypothesis in
aged tendon stem cells.
SYSTEMIC CHANGES OF HORMONAL
AND METABOLIC SIGNALS

Given the remarkable ability of stem cells to sense and respond to
the external stimuli, it is not surprising that the age-related
systemic changes t can also impact stem cells and their niches.
Chronic conditions such as hormone deficiency, diabetes
mellitus (DM) and hypertension are common in elderly. The
systemic changes of hormonal and metabolic signals as well as
drug used in the treatment of these chronic conditions can alter
niche through circulation, causing stem cells to lose or deviate
from their original functions.

DM has been reported to increase the prevalence/incidence of
tendinopathy (Ranger et al., 2016; Lui, 2017). A recent meta-
analysis of clinical studies provide strong evidence that diabetes
is associated with higher risk of tendinopathy (Ranger et al.,
2016), despite that there were inconsistent findings regarding the
effects of DM on structural and biomechanical properties of
tendon in animal models (Lui, 2017). Potential mechanisms of
DM in causing and exacerbating tendinopathy by modifying
stem cell functions via AGE formation, hyperglycemia, insulin
deficiency/resistance, and adipokine dysregulation have been
discussed in another review and will not be repeated (Lui, 2017).

In women, estrogen can enhance tendon collagen synthesis.
Estrogen deficiency was reported to negatively affect tendon
metabol i sm and hea l ing . Tenocytes i so la ted from
ovariectomised rats were reported to show lower proliferation
rate, collagen type I, aggrecan, elastin, fibronectin content in the
supernatant, and migration rate but higher apoptosis, VEGF and
MMP-13 compared to young tenocytes (Aydin et al., 2013;
Torricelli et al., 2013). Collagen content was lower in Achilles
tendons after ovariectomy compared to control rats (Ramos
et al., 2012). The Achilles tendons from ovariectomised rabbits
also showed lower gene expressions of proteoglycans aggrecan,
biglycan, decorin, and versican compared to tendons from intact
normal rabbits (Huisman et al., 2014). However, there was no
changes in the biomechanical properties of patellar tendon of
Frontiers in Genetics | www.frontiersin.org 9152
monkeys after ovariectomy (Wentorf et al., 2006). Age-
associated estrogen deficiency therefore can alter matrix
composition of tendons and may influence the functions of
tendon stem cells. Whether TDSCs are sensitive to estrogen is
a first step to understand the influence of estrogen deficiency in
age-associated loss or dysfunction of tendon stem cells.

POTENTIAL FUTURE RESEARCH
DIRECTIONS

Research on Treatments to Reverse the
Intrinsic Cellular Deficits and Aged Niche
of Tendon Stem Cells
As a new cell type identified in tendon, more studies are needed
to fill the gaps of the aging mechanisms of tendon stem cells.
Interventions that can combat protein and DNA damages,
cellular senescence, oxidative stress, chronic inflammation; and
inhibit AGE formation or promote its removal may rejuvenate
aged tendon stem cells. These are attractive anti-aging options to
explore. The growth factor and cytokine profile of aged tendons
and their effects on functions of tendon stem cells should be
examined. Notably, medium of young TDSCs under hypoxic
culture condition was reported to enhance the migration,
proliferation and mRNA expression of tendon-related markers
as well as reduced senescence of aged TDSCs (Jiang et al., 2014).
Exposure of aged rat patellar tendon TDSCs to young
decellularized tendon ECM enhanced their proliferation,
tendon-related marker expression (Scx, Tnmd), and stem cell
marker expression (Oct-4, SSEA-1) as well as reduced SA-b-gal
activity (Jiang et al., 2018).

Research on the Effects and Mechanisms
of Common Aging Conditions on Tendon
Stem Cells and Tendon
The effects of common aging conditions particularly diabetes,
hypertension and hormonal deficiency and the drugs used on the
functions of tendon stem cells and tendon should be examined. The
sensitivity of TDSCs to estrogen has not been explored and should
be examined. Similarly, studies on the effects of hyperglycemia,
AGE, insulin deficiency/resistance, and adipokine dysregulation in
diabetes on functions of tendon stem cells are needed.

Research on the Effects and Mechanisms
of Exercise on Tendon Stem Cells and
Tendon
TDSCs are sensitive to mechanical load. High uniaxial cyclic
tensile loading (8%) induced osteogenic differentiation of TDSCs
while low uniaxial cyclic tensile loading (4%) promoted
tenogenic differentiation of TDSCs (Zhang and Wang, 2010b;
Rui et al., 2011; Wang et al., 2018). Modulating the mechanical
load experienced by tendon stem cells therefore may counteract
the effect of aging on tendon. In this regard, moderate
mechanical stretching (4%) of aged TDSCs in vitro
significantly increased the protein expression of nucleostemin
and mRNA expression of Nanog. It also increased the expression
of tenocyte-related genes (Col1 and Tnmd) without increasing
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the expression of non-tenocyte-related genes (Lpl, Sox9 and
Runx2) of aged TDSCs (Zhang and Wang, 2015).

In an in vivo study, moderate treadmill running of aged mice
increased the proliferation rate of agedTDSCs in culture, decreased
lipid deposition, proteoglycan accumulation and calcification, and
increased the expression of nucleostemin-expressing TDSCs in the
patellar tendons (Zhang andWang, 2015). Moderate exercises can
also mitigate the deleterious effects of aging on the niche of tendon
stem cells by improving tendon microcirculation, matrix
composition, and organization as well as reducing AGE level and
matrix stiffness (Couppeet al., 2014;WoodandBrooks, 2016).With
training, Col1a1 and Mmp8 expression in aged mouse Achilles
tendons were restored to levels similar to adult controls (Wood and
Brooks, 2016). Moderate treadmill running prior to an injury
augmented tendon wound healing in an aged rat model with
reduced vascularity, lipid-like structures, and senescent cells as
well as increased production of more collagen fibrils and better
fibril organization (Zhang et al., 2016). The effect was likely
mediated by the improvement of metabolism and functional
fitness of aged tendon stem cells because aged TDSCs isolated
from exercised rats showed higher stem cell marker expression,
proliferation, colony-forming ability, and tenocyte-related gene
expression as well as lower non-tenocyte-related gene expression
compared to aged cells isolated from cage control rats (Zhang et al.,
2016).The beneficial effect of exercise onaged tendons could also be
due to systemic effects in addition to direct loading as tail tendons
from aged and exercised rats assumed the elastic characteristics of
Frontiers in Genetics | www.frontiersin.org 10153
their younger counterparts after exercise (Lacroix et al., 2013). Stem
cells expressed different channels that could sense membrane
tension (Soria et al., 2013). One study showed that the stretch-
mediated activation channel, cystic fibrosis transmembrane
conductance regulator (CFTR), was up-regulated in TDSCs
during tenogenic differentiation under mechanical stretching (Liu
et al., 2017). Further studies toconfirm thebeneficial effects, optimal
loading protocol, and mechanosensing mechanisms of excise on
aged tendon stem cells and tendon should be done.
CONCLUSION AND FUTURE
PERSPECTIVES

In summary, the composition, structure, and mechanical
properties of tendons deteriorate with aging and are driven
at least in part by an age-associated decline in the metabolism
and functional fitness of tendon stem cells. Unlike their
young and healthy counterparts, aged TDSCs were shown to
be larger and flatten. The number and stemness of TDSCs
isolated from aged tendons were lower. They exhibited altered
multi-lineage differentiation potential, deficiency in cell adhesion,
and migration as well as early cellular senescence. The intrinsic
cellular deficits, aged niche, and systemic hormonal and
metabolic changes associated with aging can drive the aging
process of stem cells, some of which have been demonstrated in
TDSCs recently. There is no evidence about the factor(s)
FIGURE 1 | Diagram summarizing the key biological characteristics of aged tendon, and potential factors influencing the fate and functions of TDSCs during tendon
aging. Current evidences on aging of other adult stem cells and limited data on tendon-derived stem cells (TDSCs) suggested that aging of tendon stem cell likely
occurs via intrinsic cellular deficits, aging of stem cell niche, and age-associated systemic hormonal and metabolic changes. These factors interact with each other to
affect stem cell function at multiple levels.
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triggering the aging of tendon stem cells. The authors speculate
that they may work together in inducing functional deficits of
tendon stem cells as aging is a continued process. Figure 1
summarizes the key biological characteristics of aged tendon, and
potential factors influencing the fate and functions of TDSCs
during tendon aging. Uncovering the mechanisms underpinning
the regenerative decline of metabolism and functions of aged
tendon stem cells would have profound implications for the
development of stem cell-based therapeutics to reset the aging
clock of tendons.
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Adult skeletal muscle has a remarkable ability to regenerate. Regeneration of mature
muscle fibers is dependent on muscle stem cells called satellite cells. Although they
are normally in a quiescent state, satellite cells are rapidly activated after injury, and
subsequently proliferate and differentiate to make new muscle fibers. Myogenesis
is a highly orchestrated biological process and has been extensively studied, and
therefore many parameters that can precisely evaluate regenerating events have been
established. However, in some cases, it is necessary to evaluate the completion of
regeneration rather than ongoing regeneration. In this study, we establish methods for
assessing the myofiber maturation during muscle regeneration. By carefully comparing
expression patterns of several muscle regeneration-related genes, we found that
expression of Myozenin (Myoz1 and Myoz3), Troponin I (Tnni2), and Dystrophin (Dmd)
is gradually increased as muscle regeneration proceeds. In contrast, commonly used
regeneration markers such as Myh3 and Myh8 are transiently upregulated after
muscle injury but their expression decreases as regeneration progresses. Intriguingly,
upregulation of Myoz1, Myoz3 and Tnni2 cannot be achieved in cultured myotubes,
indicating that these markers are excellent indicators to assess myofiber maturity. We
also show that analyzing re-expression of Myoz1 and dystrophin in individual fiber during
regeneration enables accurate assessment of myofiber maturity at the single-myofiber
level. Together, our study provides valuable methods that are useful in evaluating muscle
regeneration and the efficacy of therapeutic strategies for muscle diseases.

Keywords: skeletal muscle, muscle regeneration, muscle differentiation, satellite cells, muscle disease

INTRODUCTION

Skeletal muscle consists mainly of myofibers, which are large cylindrical cells with many nuclei.
Myofibers are terminally differentiated post-mitotic cells; however, skeletal muscles possess a high
ability to regenerate. Regeneration of mature myofibers is dependent on satellite cells. Satellite cells
are mononucleated cells located between the plasma membrane of the myofiber and basal lamina.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 April 2020 | Volume 8 | Article 267158

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.2020.00267
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00267
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00267&domain=pdf&date_stamp=2020-04-22
https://www.frontiersin.org/articles/10.3389/fcell.2020.00267/full
http://loop.frontiersin.org/people/890873/overview
http://loop.frontiersin.org/people/949784/overview
http://loop.frontiersin.org/people/100125/overview
http://loop.frontiersin.org/people/77458/overview
http://loop.frontiersin.org/people/79473/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00267 April 20, 2020 Time: 17:28 # 2

Yoshimoto et al. Accurate Assessment of Muscle Regeneration

They normally remain in a quiescent state, but are activated
upon muscle injury, and then they proliferate and differentiate
to regenerate myofibers. Genetically engineered mice in which
satellite cells are ablated show a complete lack of regenerative
response (Lepper et al., 2011; Murphy et al., 2011; Sambasivan
et al., 2011), indicating that satellite cells are absolutely required
for muscle regeneration and cannot be compensated by other cell
types. Furthermore, single-satellite cell transplantation revealed
that these cells indeed possess self-renewal potential, in addition
to the ability to differentiate into myofibers (Sacco et al.,
2008). Thus, satellite cells are considered as definitive adult
muscle stem cells.

Adult myogenesis is a highly ordered process in which
satellite cells proliferate, differentiate, and generate new
myofibers. Myogenic regulatory factors (MRFs) are important
regulators of myogenesis and their expression is tightly
regulated. Quiescent satellite cells do not express detectable
levels of MyoD but they begin to express high levels of
MyoD upon activation (Zammit et al., 2004). Expression
of MyoD is maintained during the proliferation phase and
continues until the early differentiation phase (Zammit
et al., 2004). Myogenin is not expressed in quiescent satellite
cells and proliferating undifferentiated myoblasts, but its
expression is significantly upregulated when cells begin to
differentiate (Bentzinger et al., 2012). Therefore, MyoD and
Myogenin are commonly used as activation and differentiation
markers of myogenesis, respectively. Expression levels of
MRF4 are highest of the MRFs in adult mature muscle and
are considered to reflect muscle fiber maturity (Bentzinger
et al., 2012; Zammit, 2017). Adult muscle regeneration
recapitulates many aspects of embryonic myogenesis, including
expression of embryonic- or perinatal-type myosin heavy
chain (MyHC) (Sartore et al., 1982). Thus, expression of
these embryonic-type contractile proteins is a hallmark of
muscle regeneration and is often used to detect activity
of regeneration.

Expression of MRFs or embryonic or perinatal MyHC is
useful to examine regenerating events. However, the most
important goal in tissue regeneration is that the normal
condition is restored. From this perspective, expression of
the above described regeneration markers reflects conditions
where muscle is still abnormal. In certain cases, therefore,
assessment of “normality” becomes more important than
evaluating regenerating events, especially in studies that
examine the efficacy of therapeutic methods for degenerative
muscle diseases. If diseased muscle is successfully treated
and restored to its healthy state, expression of regeneration
markers should be downregulated. Based on this notion, some
studies examined downregulation of embryonic MyHC to
assess therapeutic efficacy (Guiraud et al., 2019). However,
little is known about indicators that directly reflect normality
of muscle tissue.

Although experimental muscle regeneration is a highly
ordered process, it is not completely synchronized, and
thus there is a regional difference in the progression of
regeneration within a single muscle. In a regeneration
model of grafted muscle, it was reported that a radial

gradient of regeneration is formed, with more mature
muscle at the periphery and less mature muscle toward
the center in the regenerating grafted muscle (Carlson
and Gutmann, 1975). Likewise, other muscle regeneration
models, including cardiotoxin injury models, do not show
completely uniform regeneration, with some regions showing
accelerated regeneration while other regions are in a delayed
phase of regeneration. Therefore, it is important to develop
a reliable method for evaluating muscle regeneration
accurately and quantitatively, taking spatial non-uniformity
of regeneration into account.

In this study, we carefully examined several regeneration-
related markers during muscle regeneration. These analyses
revealed that expression of Myozenin (Myoz1 and Myoz3),
Troponin I (Tnni2), and Dystrophin (Dmd) correlates very
well with the progression of regeneration. Their expression
highly reflects myofiber maturity because high expression
of these genes can only be achieved in muscle tissue in vivo
and not in cultured myotubes in vitro. We also developed
a method that can distinguish advanced regenerating areas
from delayed regenerating areas within single muscle,
which enables accurate and quantitative evaluation of
muscle regeneration. Our study provides useful information
for the studies of muscle regeneration and therapy for
muscle diseases.

MATERIALS AND METHODS

Mice
C57BL/6 wild type mice were used to isolate satellite cells and to
analyze muscle regeneration. DBA/2-mdx (D2-mdx) mice were
provided from Central Institute for Experimental Animals in
Japan. All animal experiments performed in this report were
approved by the Animal Care and Use Committee of Tokyo
Metropolitan Geriatric Hospital and Institute of Gerontology.

Muscle Injury
Cardiotoxin (CTX, Sigma) was dissolved in sterile saline at a
concentration of 10 µM. Tibialis anterior (TA) muscles of 2 to
3 month old mice were injected with 100 µl CTX. TA muscles
were isolated at days 0, 3, 5, 7, and 14 of CTX injury, embedded in
tragacanth gum, and frozen in liquid nitrogen-cooled isopentane.

Satellite Cell Isolation
Isolation of mouse satellite cells was reported previously
(Uezumi et al., 2016). Hind limb muscles were collected, minced
and digested with 0.2% type II collagenase (Worthington) for
60 min at 37◦C using a magnetic stirrer. Digested muscles
were passed through an 18-gauge needle several times and
further digested for 30 min at 37◦C. Digested samples were
filtered through a 100-µm cell strainer, and then through
a 40-µm cell strainer. Cells were resuspended in washing
buffer and labeled with APC-eFluor 780-conjugated rat anti-
mouse CD45 (1:250) (Invitrogen), PE/Cy7-conjugated rat
anti-mouse CD31 (1:250) (Biolegend), biotin-conjugated
SM/C-2.6 (1:250) (Fukada et al., 2004), and PE-conjugated
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goat anti-mouse PDGFRα (15 µl/test) (R&D systems), followed
by secondary staining with streptavidin-brilliant violet 421
(Biolegend) (1:250). CD31−CD45−PDGFRα−SM/C-2.6+ cells
were sorted and collected as satellite cells with FACSAria
II (BD Biosciences).

Cell Culture
After cell sorting, satellite cells were seeded at a density of 1× 104

cells/well on a 48-well cell culture plate coated with Matrigel
(BD Biosciences) in growth medium (GM) consisting of DMEM
supplemented with 20% FBS, 1% penicillin-streptomycin, and
2.5 ng/µl bFGF (Katayama Chemical), and cultured at 37◦C
in 5% CO2 and 3% O2. After 4 days of culture in GM,
GM was changed to differentiation medium (DM) consisting
of DMEM with 5% horse serum. Then cells were maintained
at 37◦C in 5% CO2 and 20% O2 for 3 days to induce
myogenic differentiation.

RNA Extraction and Quantitative Reverse
Transcription-PCR Analysis
Total RNA was extracted from cultured satellite cells and
muscles using RNeasy Mini Kit (Qiagen) and miRNeasy Mini
Kit (Qiagen), respectively. Pieces of muscle tissues collected
from frozen TA muscles were crushed in QIAzol Lysis Reagent
(Qiagen) using a Shakeman homogenizer (Bio Medical Science).
Complementary DNA (cDNA) was synthesized using QuantiTect
Transcription Kit (Qiagen). qRT-PCR was performed with SYBR
Premix Ex Taq II (Takara) on a Takara Thermal Cycler Dice Real
Time System (Takara) under the following cycling conditions:
94◦C for 30 s followed by 40 cycles of amplification (94◦C
for 5 s, 60◦C for 20 s, 72◦C for 12 s) and dissociation
curve analysis. For gene expression analysis in regenerating
TA muscles and differentiating satellite cells, mRNA expression
was normalized with Cmas. Relative mRNA expression was
then calculated using the 2−11 method. Specific primers
used for qRT-PCR were listed in Supplementary Table 1.
Primers for Actb were provided from QuantiTect Primer
Assays Kit (Qiagen).

Immunohistochemistry
Frozen transverse sections were cut at the thickness of 8 µm
and fixed for 5 min in ice-cooled acetone. After blocking with
M.O.M.TM mouse IgG blocking reagent (Vector Laboratories),
sections were incubated overnight at 4◦C with primary antibodies
diluted in M.O.M.TM diluent. After washing with PBS, sections
were stained with secondary antibodies. Primary and secondary
antibodies used were listed in Supplementary Table 2. Nuclei
were counterstained with DAPI (Dojindo), and stained muscles
were mounted with SlowFade Diamond anti-fade reagent
(Invitrogen). Fluorescent signals were detected with confocal
laser scanning microscope systems TCS-SP8 (Leica). The same
sections were stained with hematoxylin and eosin (HE) after
capturing fluorescent images. HE images were taken with
microscope AXIO (Carl Zeiss) equipped with a digital camera,
Axiocam ERc 5s (Carl Zeiss).

Quantitative Analysis of Mature
Myofibers
Cross-sections were made by cutting at the mid-belly of TA
muscle (at the position about 3 mm from proximal end of
TA muscle). After immunostaining, fluorescent images of entire
cross-sections were captured with fluorescent microscope system
BZ-X710 (Keyence). Image recognition and quantification
were performed by using the Hybrid Cell Count Application
(Keyence). First, entire cross-sectional areas of TA muscle
were measured. For quantification of Myoz1-positive area,
Myoz1-stained area was recognized based on the intensity of
Myoz1 staining by adjusting threshold. For quantification of
dystrophin-positive area, dystrophin-stained sarcolemma was
first recognized based on the intensity of dystrophin staining
by adjusting threshold, and then dystrophin-positive fiber area
was recognized by using inversion function. After recognition
of Myoz1- and dystrophin-positive areas, the misrecognized
small areas were excluded by adjusting lower limit in histogram
function. Finally, errors in recognition step were corrected
manually, and then Myoz1- and dystrophin-positive areas were
measured. Myoz1- or dystrophin-positive area was divided by
entire cross-sectional area to calculate percentage of area positive
for each marker. Two side unpaired t-test was used to compare
two groups.

Statistical Analysis
Statistical significance was evaluated using GraphPad Prism 8.0
(GraphPad Software). One-way analysis of variance (ANOVA)
followed by Tukey’s or Dunnett’s test was used to compare more
than two groups.

RESULTS

Optimum Internal Control Gene for Gene
Expression Analysis During Muscle
Regeneration
We first analyzed the expression of several internal control
genes by qRT-PCR to determine the optimum control genes
for the most accurate gene expression analysis during muscle
regeneration. As shown in Figure 1, Gapdh and Actb (also called
β-actin), commonly used control genes, were highly variable
in their expression during muscle regeneration (Figure 1).
Therefore, these genes are not suitable as internal control
genes to normalize expression of target genes. One pioneering
study on comprehensive gene expression analysis during muscle
regeneration had previously pointed out this problem and
identified two genes that are stably expressed across all
time points during muscle regeneration (Zhao and Hoffman,
2004). Those two genes are Cmas (also called as CMP-N-
acetylneuraminic acid synthase) and Eif3c (called as NIPI-
like protein). We thus examined the expression of Cmas and
found relatively stable expression of this gene during muscle
regeneration (Figure 1). Therefore, we decided to use Cmas as
an internal control gene for gene expression analysis during
muscle regeneration.
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FIGURE 1 | Optimum internal control genes for gene expression analysis during muscle regeneration. (A) Amplification curves of quantitative reverse
transcription-PCR (qRT-PCR) for Gapdh, β-actin (Actb), and Cmas using total RNA extracted from intact and regenerating tibialis anterior (TA) muscles 3, 5, 7, and
14 days after CTX injury. (B) Cycle threshold (Ct) values of indicated time points and total data for Gapdh, Actb, and Cmas are shown as mean ± SD of n = 6 mice at
each time point. Coefficient of variation (CV) is shown in the graphs. Note that Ct value of Cmas showed smaller CV than that of Gapdh or Actb.

Gradual Upregulation of Myoz1, Myoz3,
Tnni2, and Dmd Reflects the Myofiber
Maturity During Regeneration
We next examined expression of several regeneration-related
genes. As expected, expression of MyoD and Myogenin were
highly induced upon muscle injury, and gradually downregulated
thereafter (Figure 2A). We also observed similar dynamics in
the expression of embryonic-type contractile genes. As shown in
Figure 2B, expression of Myh3 and Myh8 was detected at day 3
of muscle injury, reached its peak at day 5, and then decreased to
levels comparable to intact muscle. Thus, expression of above-
described genes is transient during muscle regeneration and
therefore does not reflect completion of regeneration accurately.
Zhao et al. (2002) performed temporal gene expression profiling
of muscle regeneration and showed that expression of muscle
structural component genes is downregulated at early stages and
then upregulated at late stages of muscle regeneration. Those
include Myozenin, which encodes a Z-disk associated protein
myozenin, and Tnni2, which encodes a fast skeletal type troponin
I, a protein responsible for the calcium-dependent regulation
of muscle contraction. Therefore, we examined expression of
these muscle structural component genes. Expression of Myoz1,
Myoz3, and Tnni2 was sharply downregulated at day 3 of muscle
injury, and then gradually upregulated as regeneration proceeded
(Figure 2C), indicating that expression of these genes well reflects
the extent of muscle regeneration. We also analyzed expression

of Dmd, which encodes a dystrophin protein, and Myh4, which
encodes a MyHC-IIb, a predominant type of MyHC expressed in
TA muscle (Kammoun et al., 2014). Similar to Myoz1, Myoz3 and
Tnni2, expression of Dmd correlated well with the progression
of regeneration (Figure 2C). Although Myh4 showed a similar
expression pattern, it reflected the extent of regeneration less
accurately because there was no statistically significant difference
in its expression levels between day 3 and day5, or day 5 and day
7 (Figure 2C). In contrast to these genes, expression of Myoz2
and Myf6 did not reflect muscle maturity (Figure 2D). These
results clearly show that Myoz1, Myoz3, Tnni2, and Dmd are
excellent markers for the assessment of myofiber maturity during
muscle regeneration.

High Level Expression of Myoz1, Myoz3,
and Tnni2 Cannot Be Achieved in
Cultured Myotubes
Results described above strongly suggest that expression of
Myoz1, Myoz3, Tnni2, and Dmd correlates with myofiber
maturity. It is well-known that cultured myotubes cannot mature
into myofibers. To further confirm the relationship between
expression of Myoz1, Myoz3, Tnni2, and Dmd and myofiber
maturity, we examined the expression of these genes during
myogenesis of cultured satellite cells. Satellite cells were FACS-
sorted from hind limb muscles and cultured in vitro to obtain
myotubes (Figure 3A). During the first 4 days of the growth
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FIGURE 2 | Expression of Myoz1, Myoz3, Tnni2, and Dmd correlates with the progression of muscle regeneration. Expression of MyoD and Myog (A), Myh3 and
Myh8 (B), Myoz1, Myoz3, Tnni2, Dmd and Myh4 (C), Myoz2 and Myf6 (D) during muscle regeneration was examined by qRT-PCR. Data are shown as relative value
to intact muscle (Day 0) and represent mean ± SD of n = 6 mice at each time point. Data on Myoz1, Myoz3, Tnni2, Dmd, and Myh4 from day 3 to day 14 were
analyzed by ANOVA followed by Tukey’s test to evaluate statistical difference.
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FIGURE 3 | In vitro cultured myotubes do not express high levels of Myoz1, Myoz3, and Tnni2. (A) Scheme of satellite cell isolation and culture. (B–D) Isolated
satellite cells were cultured in GM for 4 days, then induced to differentiate into myotubes in DM. Representative images of cultured cells were taken at indicated time
points. (E) Expression of Myoz1, 3, Tnni2, and Dmd in intact (CTX Day 0), regenerating TA muscle (CTX Days 5 and 7) and cultured satellite cells was examined by
qRT-PCR. Data are shown as relative value to intact TA muscle and represent the mean ± SD from independent experiments (n = 6). Data from regenerating TA
muscle (CTX Days 5 and 7) and cultured cells were analyzed by ANOVA followed by Tukey’s test to evaluate statistical difference. Scale bar: 100 µm (B–D).

period, satellite cells became activated, and they proliferated
extensively (Figure 3B). Upon induction of differentiation, they
rapidly formed myotubes at day 5 of culture, and generated
numerous myotubes by day 7 as they further differentiated
(Figures 3C,D). In CTX muscle regeneration model, satellite
cells proliferate extensively within 2 to 3 days of injury and
begin to form regenerated myofibers approximately 5 days after
injury, and regenerated myofibers mature afterward (Hawke
and Garry, 2001). Thus, proliferation period and timing of
differentiation of satellite cells are similar between in vitro
myogenesis and in vivo regeneration model. As expected,
undifferentiated myoblasts expressed very low levels of Myoz1,
Myoz3, Tnni2, and Dmd similarly to CTX-injected muscle at
day 3 (Figures 2C, 3E). In later time points, expression levels
of Myoz1, Myoz3 and Tnni2 remained quite low compared

to levels in intact and regenerating (CTX day 5 and day
7) TA muscles in vivo (Figure 3E). Although expression of
Dmd remained low levels until day 5 of culture, its expression
in myotubes increased to the levels comparable to in vivo
regenerating muscle at day 7 (Figure 3E). These data further
reinforce the view that expression of Myoz1, Myoz3, and Tnni2
well-reflects myofiber maturity that cannot be achieved in
cultured myotubes.

Centrally Nucleated Fibers With Myoz1
and Dystrophin Expression Identify
Areas of Advanced Regeneration
Evaluating Myoz1, Myoz3, Tnni2, and Dmd expression
would be very useful for assessing the degree of muscle
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FIGURE 4 | Re-expression of Myoz1 protein is closely associated with the extent of myofiber regeneration. (A) TA muscle sections from the indicated time points
were subjected to immunofluorescent staining for Myoz1 (green) and Laminin α2 (magenta) followed by HE staining. (B) Area occupied by Myoz1+ fibers in intact
muscle (Day 0) and Myoz1+ centrally nucleated fibers in regenerating muscle was quantified. Data represent the mean ± SD of n = 6 mice at each time point. Data
from regenerating muscle (Day 3 to Day 14) were analyzed by ANOVA followed by Tukey’s test to evaluate statistical difference. (C) Magnified images of boxed areas
in (A). Upper panels show area with advanced regeneration and lower panels show area with delayed regeneration. Scale bars: 100 µm (A) and 20 µm (C).
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FIGURE 5 | Re-expression of dystrophin protein at the plasma membrane is closely associated the extent of myofiber regeneration. (A) TA muscle sections from the
indicated time points were subjected to immunofluorescent staining for Dystrophin (green) and Laminin α2 (magenta) followed by HE staining. (B) Area occupied by
Dystrophin+ fibers in intact muscle (Day 0) and Dystrophin+ centrally nucleated fibers in regenerating muscle was quantified. Data represent the mean ± SD of n = 6
mice at each time point. Data from regenerating muscle (Day 3 to Day 14) were analyzed by ANOVA followed by Tukey’s test to evaluate statistical difference. (C)
Magnified images of boxed areas in (A). Upper panels show area with advanced regeneration and lower panels show area with delayed regeneration. Scale bars:
100 µm (A) and 20 µm (C).
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FIGURE 6 | Expression of Myoz1 and dystrophin protein is a good indicator of myofiber maturity at the single-fiber level. (A) TA muscle section from day 7 of CTX
injection was subjected to immunofluorescent staining for Myoz1 or Dystrophin (green), eMyHC (red) and Laminin α2 (cyan) followed by HE staining. Graph shows
percentage of Myoz1+ or Dystrophin+ fiber number in eMyHC+ fibers. Data represent the mean ± SD of n = 6 mice. (B) Quadriceps muscle section from D2-mdx
mice at 3 weeks or 3 months of age was subjected to immunofluorescent staining for Myoz1 (green) and Laminin α2 (magenta) followed by HE staining. Area
occupied by Myoz1+ fibers was quantified. Data represent the mean ± SD of n = 6 mice at each time point. Data was analyzed by two-sided unpaired t-test to
evaluate statistical difference. Scale bars: 20 µm (A) and 100 µm (B).

regeneration at the whole-tissue level. However, in some
cases, it is necessary to assess muscle regeneration at the
single-myofiber level because muscle regeneration is not
a uniform process, with some regions showing advanced
regeneration while other regions showing a delayed phase
of regeneration. To overcome this problem, we developed a
method that can accurately assess this spatial non-uniformity
of regeneration. Centrally located nuclei are commonly
used as an index of regenerated myofibers. However, central
nuclei already exist in nascent myotubes, precluding its
use as a reference index when assessing myofiber maturity.
Among the markers whose expression correlate well with

the progression of regeneration (Myoz1, Myoz3, Tnni2, and
Dmd), we could obtain clear staining results for Myoz1 and
dystrophin proteins. Because Myoz1 is a Z-disk associated
protein, Myoz1-stained muscle showed sarcomere pattern,
suggesting the specificity of the antibody used in this
study (Supplementary Figure 1). We found that Myoz1
expression disappears upon muscle injury but gradually
reappears as muscle regeneration proceeds (Figures 4A,B).
Intriguingly, although well-differentiated large centrally
nucleated fibers were strongly positive for Myoz1, small
basophilic nascent myotubes were scantly positive or negative
for Myoz1 even in contiguous areas of the same muscle
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(Figure 4C). Dystrophin staining resulted in similar expression
pattern, although dystrophin re-expression tended to be
restricted to more mature myofibers (Figure 5). These
results indicate that centrally nucleated myofiber with
recovered Myoz1 or dystrophin expression is useful for
assessing the spatial non-uniformity of muscle regeneration at
single-myofiber level.

Re-expression of Myoz1 and Dystrophin
Is a Good Indicator of Myofiber Maturity
at the Single-Myofiber Level
To further understand the relationship between Myoz1
or dystrophin expression and myofiber maturity, we
examined embryonic MyHC (eMyHC) expression, which
is transiently upregulated in immature myofibers but
downregulated as myofibers mature (d’Albis et al., 1988).
Approximately 40 and 90% of eMyHC-positive immature
myofibers were negative for Myoz1 and dystrophin,
respectively (Figure 6A), indicating that re-expression
of these markers occurs in myofibers with advanced
maturation stage.

We also examined usefulness of these markers in evaluating
disease progression of D2-mdx mice, a severe mouse model
of Duchenne muscular dystrophy (DMD) (Fukada et al.,
2010). Muscle of mdx background appears normal until
approximately 3–4 weeks of age, but myofibers undergo
massive degeneration afterward (DiMario et al., 1991). Because
D2-mdx mice lack dystrophin expression, we examined
expression of Myoz1 before and after disease onset. At 3
weeks of age, all myofibers of D2-mdx mice appeared normal
and uniformly expressed Myoz1 (Figure 6B). After onset
of symptoms, however, small immature myofibers located
in degenerated area were scantly positive or negative for
Myoz1, and total Myoz1-positive area was significantly
decreased in ratio compared with pre-symptomatic stage
(Figure 6B). These results indicate that expression of
Myoz1 and dystrophin is a good indicator of myofiber
maturity and useful for evaluating “normality” of myofiber
in pathological conditions.

DISCUSSION

In this study, we describe methods for the assessment of myofiber
maturity during skeletal muscle regeneration. Expression of
Myoz1, Myoz3, Tnni2, and Dmd significantly correlates with
progression of muscle regeneration, and therefore, these genes
are quite useful to quantify and evaluate the extent of muscle
regeneration at the whole-muscle tissue level. Meanwhile, re-
expression of Myoz1 and dystrophin is an excellent indicator
for the assessment of myofiber maturity at the single-
fiber level.

Myozenin is specifically expressed in striated muscle and
localized at Z-disks (Faulkner et al., 2000; Takada et al.,
2001). Myozenin is reported to interact with other Z-disk
proteins including a-actinin, filamin-C, telethonin and myotilin,

and thought to be involved in the connection between the
contractile apparatus and the sarcolemma (Faulkner et al.,
2000; Frey et al., 2000; Takada et al., 2001; Frey and
Olson, 2002; Gontier et al., 2005). In addition to its role
as a structural protein, Myoz1 was shown to modulate
calcineurin/NFAT activity (Frey et al., 2008), raising the
possibility that Myozenin functions as a signaling molecule.
In this study, we showed that expression of Myoz1 and
Myoz3 is gradually upregulated as myofibers mature during
muscle regeneration, and cultured myotubes do not express
these genes at high levels. Therefore, it would be reasonable
to assume that Myozenin plays some functional role in
myofiber maturation.

We demonstrated that dystrophin begins to be re-
expressed when myofibers mature in the late phase of muscle
regeneration. Therefore, dystrophin re-expression closely
reflects myofiber maturity. Although this method will provide
a very powerful means of assessing muscle regeneration,
there is a certain limitation. Because this evaluation method
depends on dystrophin expression, it cannot be used in
dystrophin-deficient conditions such as DMD. Evaluating
Myoz1 expression offers an alternative method in such a
situation as we showed in this study. However, definitive
therapy for DMD is restoration of dystrophin expression.
Therefore, dystrophin expression is commonly studied in
research when evaluating the effects of DMD therapy. If the
therapeutic strategy is based on endogenous gene expression
machinery (such as exon skipping or gene editing therapy)
and not on forced expression, restored dystrophin expression
reflects not only proof of principle but also maturity of
treated myofibers. Thus, our study provides additional
rationale for examining dystrophin expression in DMD
therapy research.

Methods described here are based on gene expression
and histological analyses, but one of the most important
functions of skeletal muscle is to contract for force generation.
Therefore, measurement of contractile ability is one of the
best ways to evaluate skeletal muscle property. However,
evaluating contractile properties is accompanied by some
technical difficulties. Our methods presented here are relatively
stable and easy to perform. In addition, markers used in our
methods seem to be functionally important because myozenin
and troponin I are associated with contractile apparatus, and
dystrophin is a causative gene for DMD. Thus, we believe
that our methods provide convenient opportunity to assess
myofiber maturity.

In conclusion, our study provides meaningful information
that can be applied for accurate and quantitative assessment
of muscle regeneration and effectiveness of therapy for
muscle diseases.
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