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Editorial on the Research Topic

Apoptosis and Senescence in Vertebrate Development

INTRODUCTION

In the history of developmental biology, apoptosis and senescence will foreseeably share at least four
characteristics. Firstly, both have made their way into this field after detours. Thus, dead cells were
admittedly discovered early within embryos of various vertebrate classes, well before the term
apoptosis came into use (Kerr et al., 1972). Conceptually, however, ontogenetic cell death events were
accepted and interpreted hesitantly, despite their meticulous temporal and spatial descriptions (Rabl,
1898-1899; Rabl, 1899-1900; Jokl, 1918, 1920; Ernst, 1926; Peter, 1936; Gliicksmann, 1951).
Correspondingly, the term senescence did not even originate from developmental biology at all,
but rather from ageing research (Hayflick and Moorhead, 1961), and it was not until about 50 years
later that contributions of permanent cell cycle arrests to embryonic development received adequate
recognition (Munoz-Espin et al., 2013; Storer et al., 2013). A second common feature of apoptosis
and senescence is that both are part of their own wide spectrum of different forms. Thus, we are far
from confident today that cell death events found during normal and/or disturbed development
generally belong to the category “apoptosis”. Rather, it could alternatively or additionally be
necroptosis, parthanatos, entotic cell death, lysosome-dependent cell death, autophagy-
dependent cell death, or linker cell-type death, to name just a few candidates (Yuan and
Kroemer, 2010; Kutscher and Shaham, 2017; Galluzzi et al., 2018; Voss and Strasser, 2020).
Likewise, differently mediated types of senescence are induced by aging, oncogenes, irradiation,
chemotherapy, tissue damage, induced pluripotent stem cell reprogramming or developmental cues
(Muioz-Espin and Serrano, 2014; Herranz and Gil, 2018; da Silva-Alvarez et al., 2019; Rhinn et al.,
2019; Varela-Nieto et al., 2019). Considering these diversities of forms, a third similarity between
apoptosis and senescence can be compellingly deduced. Indeed, a whole arsenal of detection methods
must be employed to identify apoptotic or senescent cells, respectively (Vanden Berghe et al., 2013;
Majtnerova and Rousar, 2018; Gonzalez-Gualda et al., 2021). Finally, a fourth common feature
consists in the fact that we still know little about the functions of apoptosis and senescence in many
developmental contexts. Especially, presumed regulatory and functional interrelationships between
these two processes are still largely obscure. This Research Topic attempts to address the above
described situation as follows. Our primary goal was to present new evidence for the occurrence and
functions of programmed cell death/apoptosis and/or cellular senescence during normal vertebrate
development. In order to promote interdisciplinary bridging, contributions to the fields “postnatal
development”, “in-vitro development”, “aging”, “disease”, and “regeneration” were additionally
included. Other papers critically investigate the significance of methods used to detect developmental
senescence, or “canonical” and “non-canonical” roles of components of the apoptosis machinery.
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SUMMARY OF THE ARTICLES

This Research Topic includes 20 articles written by 118 authors
and reviewed by 41 referees, who in their entirety came from 25
different countries and six continents. The following section
presents the focus and key findings of each article.

We open our Research Topic with a review on senescence
and apoptosis as the architects of mammalian development
(Wanner et al.). This overview starts by addressing zygotes and
blastocysts, which are later revisited under in vitro conditions
(Ramos-Ibeas et al;; Yu et al.). In the opposite direction, the
chronological spectrum even covers transitions to ageing
processes. Further main topics are epigenetic modifications
and the ambivalence of several tumor suppressors [p53,
Retinoblastoma (Rb), Inhibitor of Growth (ING)] which
“play antagonistic roles by increasing fitness and decreasing
mortality early in life but contribute to deleterious effects and
pathologies later in life” or, in short, which reveal “antagonistic
pleiotropy” (Wanner et al.).

Subsequently, de Mera-Rodriguez et al. examine to which
extent senescence-associated 3-galactosidase and the cyclin-
dependent kinase (CDK) inhibitor p21 are reliable in vivo
markers of cellular senescence. The authors focus on retinal
and limb development, but also outline other organ systems.
Possible interrelationships between apoptosis and senescence are
additionally considered. Given that f3-galactosidase activity
overlaps with areas of cell death and, like p21, is also present
in newly differentiated retinal neurons, both “senescence
markers” may be less specific than previously thought.
Ultimately, —methodological concerns highlighted here
underscore the recent postulate that proper detection of
senescence must be based on experiments using at least three
independent markers (Gonzélez-Gualda et al., 2021).

We continue with a series of eight papers dealing with the
nervous system, sense organs and craniofacial development.
Firstly, Nie et al. revisit previously published work on the
contributions of sumoylation processes to optic lens
development (Yan et al, 2010; Gong et al, 2014). The
question now is whether sumoylation is significant also during
oxidative stress-induced cataractogenesis. In fact, the authors
show that the E3 ligase PIAS1 (protein inhibitor of activated
STAT-1) regulates p53 sumoylation to control stress-induced
apoptosis of lens epithelial cells through the pro-apoptotic
regulator Bax.

In the second place, Dominguez-Bautista et al. report on
programmed cell senescence in the spinal cord and notochord
of mouse embryos. They provide new evidence that senescent
cells express different markers in different developmental
contexts, in this case either the CDK inhibitors pl6 (spinal
motoneurons) or p2l (endothelial cells, notochord).
Furthermore, it is demonstrated that senescent cells in the
floor plate signaling centre (Mufoz-Espin et al, 2013) are
joined by quiescent cells. Given that treatment with senolytics
led to a reduction in the number of spinal motoneurons,
Dominguez-Bautista et al. conclude that “programmed cell
senescence cooperates with apoptosis to adjust the number of
motoneurons”.

Editorial: Apoptosis and Senescence in Development

The third paper in this series examines the anti-apoptotic role
of the Bcl2 protein Mcl-1 (Myeloid cell leukemia-1) in the
embryonic spinal cord, brainstem and forebrain (Flemmer
et al.). Using the Nestin-Cre Mcl-1 conditional knockout (Mcl-
1 CKO) mouse line, the authors detected apoptotic waves which,
in the spinal cord, proceeded ventrodorsally and rostrocaudally
from embryonic day 9 onwards. Consequently, Mcl-1 does not
contribute to neural tube formation, but to the differentiation of
neuronal precursor cells (NPC) into immature neurons. Breeding
Mcl-1 CKO mice with Bax null mice further demonstrated “that
Mcl-1 promotes NPC survival primarily by inhibiting the
activation of Bax, but that Bax is not the sole pro-apoptotic
target of Mcl-1 during embryonic neurogenesis” (Flemmer et al.).

Following this, Nguyen et al. address the fact that caspases do
not only perform “canonical” functions in the context of
apoptosis, but also “non-canonical” functions
guidance, axon pruning, synapse maturation, and synaptic
transmission. Furthermore, this review takes into account the
signaling pathways that select between or execute apoptotic or
non-apoptotic responses. Some of these signaling pathways are
additionally explored in original papers belonging to this
Research Topic (e.g: Mcl-1: Flemmer et al; Bax: Nie et al;
WNT, BMP, FGF: Diaz-Hernandez et al.).

The fifth paper raises the question of how ethanol-induced
apoptosis can be prevented in human neural crest cells (Li et al.).
It thus continues earlier work documenting the occurrence of
increased apoptosis in the nervous system, head and limbs of
ethanol-exposed embryonic mice (Kotch et al.,, 1992, Kotch and
Sulik, 1992a, Kotch and Sulik, 1992b; Kotch et al., 1995; Dunty
et al,, 2001, 2002). Here, an example is provided of how anti-
apoptotic genes can be epigenetically suppressed (for a review, see
Wanner et al.). Specifically, the vegetable-derived isothiocyanate
sulforaphane “protects against ethanol-induced apoptosis (.. .)
through diminishing ethanol-induced hypermethylation at the
promoters of the genes encoding the inhibitor of apoptosis
proteins” (Li et al.).

Next, Compagnucci et al. set out how apoptosis affects normal
and abnormal craniofacial development. Continuity with
previously featured teratological studies is obvious, as
approximately one third of all human congenital
malformations are manifested in the head and face (Twigg
and Wilkie, 2015). The authors focus on epithelial-epithelial
apposition, intraepithelial morphogenesis, epithelial
compartmentalization and metameric organization of the
cranial neural crest, exemplified by the jaw modules, the
lambdoidal junction, the pharyngeal arch 1 hinge, and the
upper jaw, respectively. Overall, developmental apoptosis
appears to work less with the “sledgehammer” and much
more as “subtle sculptor”. Entirely in line with our rationale
for launching this Research Topic, another conclusion is that “a
comprehensive exposition of the normal, predictable
spatiotemporal ontogeny of apoptosis explicitly in the
craniofacial tissues of vertebrate embryos has yet to
materialize” (Compagnucci et al.).

We proceed with early tooth development, which has emerged
as an attractive model in mesenchymal stem cell research (Yu
et al., 2015; Sharpe, 2016). Here, Kim et al. demonstrate that

in axon
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hypoxia-responsive oxygen nanobubbles prevent hypoxia-
induced pathological increases of apoptosis in the cap and bell
stages of mouse tooth germs. It can therefore be assumed that
hypoxia-responsive oxygen nanobubbles will be suitable for
regenerative approaches in the dental field. Whether, in tooth
germs, hypoxia-inducible factor-1 (HIF-1; Kietzmann et al,
2001) may also trigger senescence, possibly via p53, remains to
be investigated.

The subsequent paper by Maeda starts by reviewing the hard
tissues of adult teeth which all display unique structural,
molecular and physiological senescence patterns. From here,
Maeda builds bridges to cellular senescence of dental pulp
(stem) cells including tooth germs, but also to the topic of
regeneration. Undoubtedly, “dental pulp stem cells (...) have
attracted considerable attention as promising cells for
regenerative endodontics (...) and systemic regenerative
medicine” (Maeda).

The following group of three articles is dedicated to trunk and
limb development. We begin with a study on the teratogenic
effects of caffeine in chicken embryos (Wu et al.)). Caffeine
exposure interferes with the expression of genes modulating
apoptosis, proliferation, and differentiation of myogenic
progenitors in differentiating somites as well as in the chest
wall. Resembling the case of ethanol-treated human neural
crest cells (Li et al), increased apoptosis affected caffeine-
treated myogenic progenitors. Unexpectedly, however,
significantly increased proliferation rates were additionally
recorded under the influence of caffeine. All pathological
changes were suppressible by the administration of retinoic
acid antagonists.

The second article illustrates that at least two different
mechanisms are involved in the degradation of superfluous
cells during digit formation (Montero et al.). Apoptosis seems
to dominate the onset of interdigital tissue remodeling, but is later
coincident with “destructive developmental cell senescence”,
which, however, is difficult to distinguish from other
lysosomal pathway-mediated processes. A second type of
(true?) senescence observed during digit formation shows no
association with apoptosis, but is most likely related to tendon
differentiation  (“constructive developmental senescence”).
Overall, the authors are certainly right to warn against overly
rapid classification attempts in cases of cellular degradation
pathway confluence.

The article closing the limb topic deals with the “anterior
necrotic zone” (ANZ) which, in chicken embryos, promotes digit
number reduction (Diaz-Herndndez et al.). The authors show
that cell death in the ANZ can be triggered either by inhibition of
FGF or WNT signaling, or by activation of BMP signaling.
Surprisingly, however, FGF signaling induces the expression of
the pro-apoptotic genes Dickkopf (Dkk) and Bmp4. Furthermore,
FGF8 in the apical ectodermal ridge and BMP4 in the anterior
border of the limb are inhibited by BMP4. If, on the other hand,
BMP4 is blocked by NOGGIN, Dkk expression in the ANZ gets
reduced. Double treatment experiments support the hypothesis
that during BMP4 activation, FGF signaling may represent the
final step in the molecular cascade leading to early cell death in
the ANZ (Diaz-Herndndez et al.).
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The following original paper highlights the importance of the
ribosome biogenesis factor LTV1 for digestive organ
development and hematopoiesis in zebrafish (Zhang et al.). In
our thematic context, ribosomopathies are attractive, among
other aspects, because they can trigger apoptosis or senescence
via p53 (Fumagalli and Thomas, 2011; Turi et al., 2019; Da Costa
et al,, 2020). In Itvl knockouts, however, defects of exocrine
pancreas as well as hematopoietic stem and progenitor cells were
not associated with increased apoptosis, but with decreased
growth rates. Also, a possible dependence on p53 could not be
confirmed.

Three other papers explore senescence and/or apoptosis at
particularly early developmental stages. At the outset, Palomino
et al. take up the earlier observation, relevant not least to global
fishing industry, that captive yellow-tail kingfish (Seriola lalandi)
show lower survival rates due to the failure of their buoyancy
system. Now, the authors report that animals living in captivity
(stages 2/4C, morula, blastula, gastrula, and 24 hpf) exhibit
massively increased apoptosis rates. In line with this, changes
in the expression levels of cell death-associated genes are
demonstrated (bax, casp9, casp3, casp8, Fas).

Next is a review on the occurrence of senescence and apoptosis
during in vitro bovine embryo development (Ramos-Ibeas et al.).
In pre-implantational embryos, protective senescence initially
gains regulatory significance. Later during morula and blastula
stages, apoptosis is in the foreground, whereby “embryonic
quality is normally associated with lower apoptotic rates”.
Main parts of this work provide practical guidance on how to
assess embryo quality using structural criteria and molecular
markers for measuring senescence and apoptosis.

Correspondingly, Yu et al. address the question on how to
predict bovine blastocyst quality. 42% of the blastocysts examined
show cellular fragments in the perivitelline space before transfer,
and 37% of these fragments are TUNEL-negative, i.e. non-
apoptotic. Furthermore, neither correlative nor causal
relationships were found between the occurrence of
perivitelline fragments and blastocyst quality. The authors
therefore conclude “that apoptosis and fragmentation are
methods to remove abnormal cells from the embryo, and
thereby protect the developmental competence of the embryo”.

As with the retina (de Mera-Rodriguez et al.), we extend the
scope of our Research Topic one last time to the postnatal
developmental period, this time using the skin as an example.
Specifically, Chou et al. intend to establish a mouse model that
recapitulates key pathological features of human diseases
associated with dysfunctions of the tumor suppressor gene
Wwox. They show that Wwox deficiency leads to decreases in
the proliferation and differentiation of keratinocytes as well as to
increased apoptosis rates in Wwox ™'~ mouse epidermis, primary
keratinocyte cultures and Wwox knockdown human HaCaT cells.
Most probably, Wwox deficiency is mediated by the
downregulation of prosurvival MEK/ERK signaling.

The two concluding articles of this Research Topic focus on
possible links between apoptosis, senescence, development and
regeneration. Firstly, Li et al. present a systematic summary of the
different types of apoptotic extracellular vesicles (ApoEVs) which
contain nucleic acids, protein lipids, mitochondria, and plasma
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membrane, among others. Possible developmental and/or
regenerative functions of ApoEVs include the apoptosis-
induced activation of compensatory proliferation and/or
differentiation processes as well as the elimination of senescent
cells. Interestingly, senescent cells, owing to their senescence-
associated secretory phenotype (SASP), display fascinating
parallels to ApoEVs by releasing cytokines, growth factors or
DNA fragments into their environment.

Molecular similarities ~ between apoptosis-induced
regenerative and developmental processes are also explored in
the final review prepared by Guerin et al. Typical subjects of
discussion are functions of BMPs in the limbs or those of Jun-N
terminal kinase (JNK) in the brain. Furthermore, the importance
of apoptosis for cell signaling and patterning mechanisms is being
investigated. Overall, the authors conclude that, despite
numerous commonalities, apoptosis-induced regeneration by
no means simply  recapitulates  apoptosis-induced
developmental mechanisms.

PERSPECTIVES

Taken together, the results of this Research Topic first of all show
that numerous previously undescribed cases of ontogenetic cell
death still await discovery. Furthermore, there is increasing
evidence that developmental events may not be propelled by
one type of cell death alone, but that several different types of cell
death may be involved, either simultaneously or successively. We
conclude from this that, even in developmental contexts where,
for example, apoptosis safely fulfils specific functions, we should
nevertheless explore the remaining spectrum of cell death forms.
This need is all the more acute in cases where the functions of
ontogenetic cell death are still unclear, or where experimental
suppression of programmed cell death entails inconclusive
results. Especially in the latter instance, switching between
several types of cell death might be part of the embryo’s
“survival repertoire”. Understanding such possible cell death
transitions might also help to better appreciate similarities and
differences between developmental and regenerative processes.
With the discovery of programmed senescence, the situation
initially became even more complicated for developmental
biologists interested in programmed cell death. That is why it
is all the more imperative now to meticulously document
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Apoptosis is a universal and continuous event during tissue development, restoration,
repair, and regeneration. Mounting evidence has demonstrated that apoptosis is
essential for the activation of tissue regeneration. However, the underlying mechanism
remains elusive. A striking development in recent years comes from research on
extracellular vesicles (EVs) derived from apoptotic cells. During apoptosis, cells secrete
vesicles of various sizes containing various components. Apoptotic cell-derived EVs
(ApoEVs) have been found to transit to neighboring cells or cells in distant tissues
through the circulation. These vesicles could act as containers to transmit the nucleic
acid, protein, and lipid signals to target cells. ApoEVs have been shown to promote
regeneration in the cardiovascular system, skin, bone, muscle, kidney, etc. Moreover,
several specific signaling pathways mediating the anabolic effects of ApoEVs have
been classified. In this review, we comprehensively discussed the latest findings on
the function of ApoEVs in tissue regeneration and disease prevention. These findings
may reveal unexpected clues regarding the regulatory network between cell death
and tissue regeneration and suggest novel targets for regenerative medicine. The
findings discussed here also raise the question whether and to what extent ApoEVs
contribute to embryonic development. This question is all the more urgent because the
exact functions of apoptotic events during numerous developmental processes are still
largely unclear.

Keywords: apoptosis, apoptotic cell derived extracellular vesicles, functional biomolecules, cell death,
regeneration

INTRODUCTION

Apoptosis refers to the spontaneous and orderly cell death and is controlled by a cluster of
genes to maintain homeostasis (Kroemer et al., 2005). It is estimated that over 50 billion cells
undergo apoptosis in the human body every day to maintain homeostasis (Davidson and Steller,
1998; Pellettieri and Sanchez Alvarado, 2007; Bergmann and Steller, 2010; Fuchs and Steller,
2011; Hochreiter-Hufford et al., 2013; Arandjelovic and Ravichandran, 2015). Apoptosis is a
common phenomenon in embryonic development, cell differentiation, tissue regeneration, and
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ApoEVs in Regeneration

other physiological processes, as well as in tumor, immune
deficiency, organ atrophy, and other pathological processes.
During organogenesis, the coordination of apoptosis and mitosis
can maintain a constant number of cells in tissues and organs
to shape the normal embryos, especially in the CNS and
in the immune system (Penaloza et al, 2006; Zakeri et al.,
2015). Apoptosis also plays an important role in the sculpting
and reconstruction of tissue morphology (Kroemer et al,
2005; Elmore, 2007). Certain differentiated cells are regularly
eliminated and replaced by the progeny of adult stem cells to
maintain anatomical structure and function, which is usually
called the balance between death and regeneration. As a part
of normal embryonic development and tissue homeostasis,
apoptosis has been shown to play a pivotal role in balancing
death and regeneration. During apoptosis, apoptotic cells
secrete vesicles of various sizes named apoptotic cell-derived
extracellular vesicles (ApoEVs). Emerging evidence has revealed
that extracellular vesicles could carry beneficial substances and be
essential for cell communication. ApoEVs could be engulfed by
target cells and promote regeneration in skin, bone, muscle, etc.,
by transporting bioactive molecules (e.g., proteins, lipids, and
nucleic acids). Although several reviews have summarized the
role of ApoEVs in immune regulation and cancer development
(Caruso and Poon, 2018; Gregory and Dransfield, 2018; Gregory
and Paterson, 2018; Laurenzana et al., 2018; Muhsin-Sharafaldine
and McLellan, 2018a,b; Pavlyukov et al., 2018; Grant et al., 2019;
Battistelli and Falcieri, 2020), the emerging findings of ApoEV's
in tissue regeneration and embryonic development have not
been systematically reviewed. Here, we introduce the function
of ApoEVs in tissue regeneration, embryonic development,
and disease prevention and discuss the therapeutic benefits of
ApoEVs in regenerative medicine.

APOPTOSIS

The Process of Apoptosis

In most cases, apoptotic cells show very similar patterns of
morphological changes. The noticeable morphological changes
associated with apoptosis are the shrinkage of the cell,
condensation of the nucleus and chromatin, breakage of
the nucleus and cytoplasmic organelles, and cell membrane
detachment and blebbing (Hacker, 2000; Saraste and Pulkki,
2000; Kroemer et al, 2005). During this process, a series
of membrane-wrapped structures named ApoEVs are formed
through cell membrane budding and blebbing (Merchant et al.,
2017), and then are engulfed and digested by target cells (Tower,
2015). The clearance of cellular “corpses” commences at the
earliest stages of apoptosis. Timely and effective phagocytosis of
apoptotic cells and their contents can hardly recruit inflammatory
cells and is conducive to avoid inflammation (Arandjelovic and
Ravichandran, 2015; Medina et al., 2020).

The Mechanisms of Apoptosis
In 2012, the Nomenclature Committee on Cell Death (NCCD)
initiated a new classification of cell death based on measurable

biochemical characteristics, which divides the apoptotic pathway
into intrinsic and extrinsic apoptosis.

The Intrinsic Apoptotic Pathway

The intrinsic apoptotic pathway is also known as the
mitochondrial/cytochrome ¢ pathway  (Tower, 2015).
Cytochrome c¢ release from mitochondria is the key step.
The decrease in mitochondrial transmembrane potential (AYr)
is the first step of mitochondrial-mediated apoptosis. Cellular
stresses, including DNA damage, oncogene activation, hypoxia,
and oxidative stress, leads to the opening of or damage to the
mitochondrial permeability transition pore (MPTP), a decrease
in Ay, and an increase in mitochondrial permeability, which
promote the release of cytochrome c and apoptosis-inducing
factor (AIF) (Susin et al., 1999). Cytochrome ¢ can recruit and
activate Caspase-9. Thus, Caspase-9 activates caspase cascade
reactions (Caspase-3, -6, and -7) to initiate irreversible caspase-
dependent apoptosis (Slee et al., 1999; Joza et al., 2001; Elmore,
2007; Kuribayashi et al., 2014).

The Extrinsic Apoptotic Pathway

The extrinsic pathway is mediated by the death receptors of
the tumor necrosis factor (TNF) receptor type 1 superfamily
embedded on the cell membrane (Guicciardi and Gores, 2009;
Tower, 2015). The binding of Fas ligand to Fas receptor
recruits the adapter protein Fas-associated death domain protein
(FADD), which recruits Caspase-8 zymogens to form the
Caspase-8 activator named death-inducing signaling complex
(DISC). Then the pro-Caspase-8/10 is activated through
autocatalysis (Boatright and Salvesen, 2003), which initiates the
apoptotic process (Elmore, 2007) and leads to the activation of
the downstream effectors Caspases-3, -6, and -7 (Broker, 2005).

APOPTOSIS PROMOTES TISSUE
DEVELOPMENT AND REGENERATION

Apoptosis has been regarded as a critical control point in
development. Apoptosis is essential for successful embryonic
development and the maintenance of normal tissue homeostasis
(von Mihlen and Tan, 1995; Rieux-Laucat et al., 2003; Gaipl
et al., 2005; Macchi et al., 2015). In tissue development, apoptosis
can sculpt structures, drive morphogenesis, regulate cell number,
eliminate useless, potentially dangerous and senescent cells, and
participate in the regulation of regeneration and differentiation
(Penaloza et al.,, 2006; Fuchs and Steller, 2011; Zakeri et al,,
2015). In addition, some findings have shown the link between
cell death and tissue regeneration. As proposed by Kondo in
1988 (Kondo, 1988), apoptosis promotes cell proliferation during
tissue regeneration (Kondo, 1988; Hwang et al., 2004; Li et al,,
2004, 2010; Ryoo et al., 2004; Vlaskalin et al., 2004; Kondo et al,,
2006; Tseng et al., 2007; Chera et al., 2009; Pellettieri et al., 2010),
which is named “apoptosis-induced compensatory proliferation
(AIP)” (Huh et al., 2004; Pérez-Garijo et al., 2004; Kondo et al,,
2006; Fan and Bergmann, 2008). For example, in the mid-
gastric amputation model, effector caspases trigger the release
of the mitogen Wnt3 to stimulate proliferation and regeneration
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during apoptosis (Chera et al., 2009). Similarly, caspase activation
promotes regeneration in the injured site in Xenopus tadpole tails
after amputation (Tseng et al., 2007).

Apoptosis also subtly promotes cell differentiation.
Caspase family activation in apoptosis is closely related to
cell differentiation. For example, Caspases-3 and -9 promote
monocyte differentiation to macrophages but not dendritic cells
(Sordet et al., 2002). The absence of Caspase-8 leads to stagnation
of macrophage differentiation. In stem cells (SCs), Caspase-3 can
also mediate the differentiation of bone marrow stromal cells,
neural SCs, embryonic SCs, and haematopoietic SCs (Feinstein-
Rotkopf and Arama, 2009). The increased proliferation and
regeneration can compensate for cell loss in the injured tissues
(Brockes and Kumar, 2008).

Apoptosis can restore tissue regeneration by promoting the
elimination of senescent cells (SnCs). SnCs accumulate in many
vertebrate tissues with age and secret senescence-associated
secretory phenotype (SASP) to inhibit regeneration (Downward
et al., 2008; van Deursen, 2014). Jeon et al. (2017) found that
selective elimination of SnCs attenuated the development of
post-traumatic osteoarthritis (OA), reduced pain, and increased
cartilage development. Intra-articular injection of a senolytic
molecule that selectively killed SnCs promote repair and
regeneration in aged mice. Thus, locally induced apoptosis of
senescent cells is beneficial for tissue regeneration. In addition,
apoptosis and cell senescence are complementary processes
in the regression of embryonic tissues and share common
regulatory signals. During the formation of free digits in the
developing limbs, the Btg/Tob gene family is upregulated. Btg2
overexpression in mesodermal progenitors of the limbs increases
oxidative stress and induces cell death and cell senescence, which
inhibits limb outgrowth in vivo (Lorda-Diez et al., 2015).

APOPTOTIC CELL-DERIVED
EXTRACELLULAR VESICLES

Apoptotic cell-derived extracellular vesicles (ApoEVs) are a
group of subcellular membrane-bound extracellular vesicles
generated during the decomposition of dying cells. ApoEVs
can be generated by many types of cells, such as stem cells,
immunocytes, precursor cells, osteoblasts, and endothelial cells
(Jiang et al., 2017). At present, the classification of the ApoEV's
is still controversial. Apoptotic bodies (ApoBDs) were the first
identified ApoEVs (lhara et al, 1998). However, with the
development of detection technology, researchers have found
smaller vesicles (Simpson and Mathivanan, 2012) produced by
dying cells in addition to traditional apoptotic bodies. Although
there is no well-defined criteria to distinguish ApoBDs from
other ApoEVs, the vesicles can be classified by diameter:
larger membrane-wrapped vesicles termed ApoBDs/ABs have
diameters of 1000-5000 nm (Atkin-Smith et al., 2015), and
the smaller vesicles termed apoptotic microvesicles (ApoMVs)
or exosome-like ApoEVs (Park et al, 2018) have diameters
of 50-1000 nm (Schiller et al., 2012; Ainola et al., 2018).
Lacking standard classification makes it difficult to draw accurate
conclusions on the functions of ApoEVs. In order to unify

the classification, we re-summarize the subtypes of ApoEVs
according to the size of the vesicles extracted by different isolation
or characterization methods in Tables 1, 2.

How to identify and isolate ApoEVs remains a critical
issue. During apoptosis, the most typical feature is the transfer
of phosphatidylserine (PS) to the surface of the lipid layer,
which is also characteristic of ApoEVs (Hengartner, 2001).
The translocated PS binds to Annexin V, a 36 kDa calcium
phospholipid-binding protein (Kurihara et al., 2008). In vitro,
Annexin V is widely used to identify and image cell death and
ApoEVs because of its high binding affinity with PS (Subiros-
Funosas et al., 2017). Another membrane change is the oxidation
of surface molecules, which helps the binding of thrombospondin
(Tsb) and the complement protein C3b to the membrane (Wu
et al., 2019) and, in turn, is recognized by the recipient cells.
Therefore, Annexin V, Tsb, and C3b are well-accepted ApoEVs
markers (Akers et al., 2013). Fluorescence-activated cell sorting
(FACS) and differential centrifugation are the most commonly
used methods to purify ApoEVs. FACS achieves a purity of
up to 99%, while differential centrifugation achieves up to 95%
purity (Phan et al, 2018). The flow cytometry-based method
can effectively detect the contents and cell origins of ApoBDs
(Jiang et al., 2017). However, FACS can only detect the large
ApoBDs since most flow cytometers only detect micron-sized
cells or vesicles and cannot distinguish ApoBDs and ApoMVs.
Differential centrifugation can isolate ApoEVs of different sizes,
but the purity is lower than that of FACS. This method may
not be suitable for isolating ApoEVs from complex samples
compared with FACS. The protocol only compares the purity
of ApoEVs extracted by these two methods, but there has been
no functional comparison of ApoEVs extracted by different
methods. The fluorescent labeling technique with Trp-BODIPY
cyclic peptide (Subiros-Funosas et al., 2017) and the in situ
ligation technique (Hauser et al, 2017) may be emerging
technologies for distinguishing ApoEVs from other vesicles. To
progress the field, it is critical to identify suitable criteria to
distinguish different subtypes of ApoEVs and develop better
experimental systems to track ApoEV formation.

The Formation of ApoEVs

The formation of ApoEVs can be divided into three key steps:
(Step 1) membrane blebbing on the cell surface, which is now
considered a prerequisite for the formation of ApoEVs (Lane
etal., 2005); (Step 2) apoptotic membrane protrusions in the form
of microtubule spikes, apoptopodia, and beaded apoptopodia,
which secrete approximately 10-20 ApoEVs each time (Xu et al,,
2019); and (Step 3) the formation of ApoEVs.

The production of ApoEVs is regulated in a dose- and
time-dependent manner by different molecular factors, such as
the Rho-associated protein kinase (ROCK1) (Coleman et al,
2001; Gregory and Dransfield, 2018; Aoki et al, 2020) and
myosin-light chain kinase (MLCK) (Mills et al., 1998). Inhibitors
of ROCK1, MLCK, and caspases can suppress this process.
Functional microtubules help nuclear shrinkage, and MLCK
contributes to the packaging of nuclear material into ApoEVs
(Zirngibl et al., 2015). Actomyosin leads to an increase in
cell contraction and hydrostatic pressure and the formation

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 573511


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

Lietal

ApoEVs in Regeneration

TABLE 1 | The function of ApoEVs in regeneration.

Nomenclature ApoEVs types Original cell Recipient cell Diseases/ Mechanism Role of References
used by the according to experimental vesicles
authors sizes effect
ApoBDs Mix of ApoBDs Endothelial cells Endothelial Promote Unclear Unclear Hristov et al.,
and ApoMVs progenitor cells proliferation 2004
ApoBDs Unclear Cardiomyocytes Cardiomyocyte Chronic Promote SC mMiRNA Tyukavin et al.,
precursors post-infarction proliferation transfer? 2015
heart failure and
differentiation
ApoBDs ApoBDs Macrophages Epithelial cells Promote MiR-221 miRNA transfer Zhu et al., 2017
proliferation miR-222
ApoBDs Mix of ApoBDs Endothelial cells Vascular cells Atherosclerosis Induced miRNA transfer Zernecke et al.,
and ApoMVs CXCL12- 2009
dependent
vascular
protection
ApoBDs Mix of ApoBDs Epithelial stem Epithelial stem Promote Activate Wnt8a mRNA transfer Brock et al.,
and ApoMVs cells cells proliferation 2019
and division
ApoBDs ApoBDs BMSCs BMSCs Osteopenia Activate the miRNA transfer Liu et al., 2018
Wnt/B-catenin
pathway
ApoBDs Mix of ApoBDs MSCs Endothelial cells Myocardial Regulate Active Liu et al., 2020
and ApoMVs infarction autophagy lysosome
function
CRK-MVs ApoMVs podocytes Epithelial cells Renal repair Induce Paracrine Bussolati and
compensatory mediators? Camussi, 2017
proliferation
MOC- ApoBDs ApoBDs Osteoclasts Pre-osteoblasts Bone Activate RANK activator Ma et al., 2019
remodeling PISK/AKT/mTOR/S6K

signaling

ApoBDs, apoptotic bodies; SCs, stem cells; BMSCs, bone mesenchymal stem cells; MSCs, mesenchymal stem cells; PI3K, phosphoinositide 3-kinase; AKT, AKT Ser~Thr

kinase; S6K, ribosomal protein S6 kinase; RANK, nuclear factor kappa B.

of blebs (Orlando et al., 2006). The plasma membrane channel
pannexin 1 (PANX1) was recently described as a negative
regulator of ApoBDs formation since trovafloxacin (a PANX1
inhibitor) promoted apoptotic cell disassembly (Poon et al,
2014a). However, the factors driving the formation of these
individual ApoEVs is still unclear. The synergism of intracellular
and extracellular factors is necessary for breaking apoptotic cells
into individual vesicles, and some unknown elements separate
membrane protrusions from the main cell body.

ApoEVs Are Biological Vectors Carrying

Functional Biomolecules

Extracellular vesicles (e.g., Exos and MVs) mediate intercellular
communication by carrying signaling molecules (Buzas et al.,
2014). ApoEVs envelop the remaining components of dead
cells (Crescitelli et al, 2013), which include proteins (e.g.,
from the nucleus, mitochondria, and plasma membrane),
lipids and nucleic acids (e.g., mRNA, long non-coding RNA,
rRNA, miRNA, or fragments of these intact RNA molecules).
ApoEVs have been found to act as containers to carry
the remnants of their original cells to promote regeneration
(Halicka et al., 2000). Horizontal transfer of DNA can occur
between adjacent cells through ApoEVs. For example, the DNA

contained in endothelial cell-derived ApoBDs can induce the
proliferation and differentiation of human endothelial progenitor
cells in vitro (Hristov et al, 2004). DNA packaged into
lymphoma-derived ApoBDs can be engulfed by fibroblasts,
resulting in gene recombination (Holmgren et al, 1999).
By shuttling microRNA-221/222, macrophage-derived ApoBDs
promote the proliferation of lung epithelial cells (Zhu et al,
2017). MicroRNAs enclosed in ApoBDs from cardiomyocytes
enhance the proliferation and differentiation of resident SCs
in vitro (Tyukavin et al., 2015). Mesenchymal stem cells (MSCs)
can engulf ApoBDs and reuse ApoBD-derived ubiquitin ligase
RNF146 and miR-328-3p to promote bone regeneration (Liu
et al, 2018). However, in Kogianni et al. (2008) showed
that dying osteocytes release ApoBDs containing receptor
activator of nuclear factor kappa-B ligand (RANKL) to recruit
replacement osteoclasts, which can initiate osteoclastogenesis
and localized bone destruction. Administration of ApoBDs
carrying miR-126 inhibits atherosclerosis and induces CXCL12-
dependent vascular protection (Zernecke et al., 2009). Besides,
endothelial cell-derived miR-126 is transferred in ApoMVs
to promote vascular regeneration and prevent atherogenesis
(Nazari-Jahantigh et al., 2012). Interestingly, DNA and RNA
cannot be simultaneously packaged into ApoBDs derived from
HL-60 cells. Over 90% of ApoBDs containing RNA did not
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TABLE 2 | The functions of ApoEVs in other diseases.

Nomenclature ApoEVs types Original cell Recipient cell Diseases/ Mechanism Role of References
used by the according to experimental vesicles
authors sizes effect
ApoEVs ApoBDs Tumor cells DCs Antitumour Induce CD8+ Activate Horrevorts
immunity and CD4+ T (MHC)-I and etal.,, 2019
cell response MHC-II
pathways
ApoBDs Unclear Leukemic B DCs B-CLL Antitumour Antigen Hus et al., 2005
cells immunity presentation
ApoEVs ApoBDs Melanoma cells Injected into Melanoma Antitumour Antigen Muhsin-
mice immunity presentation Sharafaldine
et al., 2016
ApoEVs ApoMVs Macrophages DCs Tuberculosis Antimicrobial Antigen Winau et al.,
infection immunity presentation 2006
diseases
ApoBDs Unclear Prion-infected DCs Prion disease Promote Prion transfer Kranich et al.,
apoptotic clearance of 2010
neurons prion via Mfge8
ApoPMN-MY ApoMVs Neutrophil CD25+Th cells Maintain Suppress the IL-2 suppressor Shen et al.,
immunological proliferation of 2017
tolerance CD25+Th cell
ApoBDs Unclear p cells DCs Type 1 Immune Antigen Marin-Gallen
Diabetes tolerance presentation et al., 2010

ApoEVs, apoptotic extracellular vesicles; DCs, dendritic cells;, MHC, major histocompatibility complex; ApoBDs, apoptotic bodies; B-CLL, B-cell chronic lymphocytic

leukemia; IL-2, Interleukin-2.

contain DNA, and vice versa, ApoBDs containing DNA did
not contain RNA, which suggests that some biomolecules may
selectively enter ApoEVs (Halicka et al., 2000). Human primary
monocyte-derived macrophages can engulf ApoBDs containing
autoantigens, suggesting that ApoEVs can play a role in antigen
presentation in immunoregulation (Tran et al., 2002). Compared
with the secretion of cytokines and growth factors, this mode
of intercellular communication circumvents the “signal dilution
effect” of soluble products released from apoptotic cells. Bioactive
molecules entering the vesicles can act effectively on adjacent cells
or distant tissues through circulation.

ApoEVs Can Be Recognized and
Engulfed by Target Cells

Several signaling molecules expressed on ApoEVs can be
recognized by target cells. Segundo et al. (1999) proposed that
apoptotic blebs recruit macrophages to death sites. This study
showed that many CD molecules (including CDI11la, CD2I,
CD22, and CD54) were partly released from germinal center B
cells in the form of ApoEVs, which stimulated the chemotaxis of
human monocytes.

The inversion of PS and the change in oxidation of surface
molecules also contribute to the recognition of ApoEVs. Besides,
CX3CL1 and ICAM-3 are potential recognition proteins on
ApoEVs. CX3CL1, an intercellular adhesion molecule known as a
“find-me” signal, is expressed on ApoEVs and can be recognized
by the CXCLI receptor (CXCLIR) expressed on mononuclear
phagocytes. The interaction between CX3CL1 and CX3CRI1
induces the migration of macrophages to apoptotic Mutu-BL
cells (Truman et al., 2008). ICAM-3, an intercellular adhesion
molecule expressed on the ApoEVs derived from leukocytes,

can attract macrophages to induce leukocyte death (Torr et al,
2012). In summary, signal molecules embedded on the surface
of ApoEVs may act as signals for engulfing, transferring, and
mediating intercellular communication.

THE FUNCTION OF APOPTOTIC
EXTRACELLULAR VESICLES IN TISSUE
REGENERATION

The transport of functional molecules through vesicles can be
a new way to promote cell proliferation, tissue regeneration,
and repair. Since ApoEVs can transmit bioactive molecules
into neighboring cells or the cells in distant tissues through
circulation, they play an active role in maintaining homeostasis
after being phagocytized. ApoEVs produced by different cells
have different effects on physiological and pathological processes.
Here, we discuss the role of ApoEVs in tissue regeneration and
disease treatment.

ApoEVs Trigger the Clearance of

Damaged or Senescent Cells

Apoptotic cells are primarily engulfed and cleared by phagocytes,
which is of considerable significance to the dynamic equilibrium
and immune response of healthy tissues. The prompt removal
of dead cells by phagocytes can prevent cytotoxic substances
or antigens from leaking into surrounding tissues (Poon
et al., 2014b), effectively leading to the maintenance of tissue
homeostasis. This process can be divided into three stages:
recruitment, identification, and phagocytosis (Gardai et al., 20065
D’mello et al., 2009; Ravichandran, 2011).
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Apoptopodia

FIGURE 1 | The formation of apoptotic cell-derived extracellular vesicles during apoptosis. Healthy cells generate two types of vesicles: exosomes and
microvesicles. Apoptotic progress includes several stages: shrinkage of the cell, the condensation of the nucleus and chromatin pyknosis or karyorrhexis, the
breaking of the nucleus, and cytoplasmic organelles and cell membrane detaching and blebbing. The disintegration of the cellular content into distinct
membrane-enclosed vesicles termed apoptotic cell-derived extracellular vesicles (ApoEVs). ApoEVs can be engulfed by different cells mediated by specific
recognition between recognition receptors and ligands. During apoptosis, the surface of the ApoEVs reveals specific changes. These changes include
phosphatidylserine ectropion to bind with Annexin V and oxidation of surface molecules to bind with Thrombospondin (Tsp) or the complement protein C3b.

Macrophage
Tumor Cell

Endothelial Cell

Beaded aoptopodia

Recipient cells recognize “eat-me” signals such as PS on
ApoEVs and initiate the engulfment process (Peter et al., 2008;
Battistelli and Falcieri, 2020; Figure 1). For example, dendritic
cells (DCs) engulf glycan-modified melanoma-derived ApoEVs
carrying dendritic cell-specific intercellular adhesion molecule-
3-grabbing non-integrin (DC-SIGN) ligands (Horrevorts
et al., 2019). Apoptosis induces the production of neuronal
apolipoprotein-E (apoE), which helps to clear ApoBDs via
apoE-receptor interactions (Elliott et al., 2007). Microglial cells
phagocytose and degrade apoptotic material from ApoBDs
via microglial lysosomal and proteasomal pathways mediated
by the CD36 scavenger receptor (Stolzing and Grune, 2004).
Suppression of the formation of ApoBDs impairs the clearance
of apoptotic or damaged cells by monocytes and macrophages
(Orlando et al., 2006; Witasp et al,, 2007), suggesting that
ApoEVs can effectively promote the clearance of apoptotic cells.

ApoEVs and Cell Survival, Proliferation,

and Differentiation

Apoptotic cell-derived EVs are closely related to cell survival,
proliferation, and differentiation. For example, ApoBD-rich
medium (ApoBD-RM) from endothelial cells (ECs) promotes
the proliferation of human endothelial progenitor cells (EPCs)
in vitro, whereas ApoBD-depleted medium does not. ApoBDs
engulfed by EPCs enhance EPC proliferation and differentiation
(Hristov et al.,, 2004), which may contribute to the repair of
damaged endothelial cells.

In addition, ApoBDs from cardiomyocytes enhance the
proliferation and differentiation of resident stem cells (SCs)
by transporting specific miRNAs (Tyukavin et al, 2015).
Macrophage-derived ApoBDs promote the proliferation of
recipient epithelial cells through ApoBD shuttling of miR-221
and miR-222 (Zhu et al,, 2017). Endothelial cell-derived ApoBDs
facilitate the survival of recipient vascular cells (human umbilical
vein endothelial cells, mouse aortic endothelial cells, and smooth
muscle cells) to survive. Selective enrichment of miR-126 in
apoptotic endothelial cell-derived microvesicles stimulates the
production of the chemokine CXCL12 in target cells, suppressing
progenitor cell apoptosis (Zernecke et al., 2009).

The Wnt/B-catenin signaling pathway is a group of
evolutionarily conserved signals that are essential in embryonic
development and tissue regeneration. In a zebrafish model,
ApoBDs containing Wnt-8a from dying SCs can promote the
proliferation and regeneration of living epithelial cells and
the communication with adjacent SCs. After phagocytizing
ApoBDs, the Wnt signaling is activated to stimulate the
division of basal SCs to maintain the total number of basal
SCs in the tissue (Brock et al., 2019). ApoBDs activate the
Wnt/B-catenin pathway to promote bone marrow mesenchymal
stem cell (BMSC) proliferation and osteogenic, and lipogenic
differentiation in Fas-deficient MRL/lpr and Caspase 37/~
mice (Liu et al, 2018). Thus, activating the Wnt pathway
via ApoEVs is essential for promoting cell proliferation
and differentiation.

ApoEVs Promote Tissue Development

and Regeneration

ApoEVs Promote the Regeneration of the
Cardiovascular System

Mesenchymal stem cells-derived ApoBDs engulfed by recipient
endothelial cells (ECs) promote angiogenesis and cardiac
functional recovery in a rat myocardial infarction (MI) model
by regulating autophagy (Liu et al., 2020). Cardiomyocyte-
derived ApoBDs stimulate the proliferation and differentiation
of cardiomyocyte precursors. In a Wistar rat heart failure model,
cardiomyocyte-derived ApoBDs improve the heart’s systolic
function during the early apoptotic period (Tyukavin et al,
2015). In addition, human endothelial cell-derived ApoMVs
carrying miR-126 upregulate CXCL12 in vascular cells, which
recruits the incorporation of Sca-1+4 progenitor cells to promote
vascular protection and inhibit atherosclerosis (Zernecke et al.,
2009). These findings underscore the functions of ApoEVs in
cardiovascular regeneration.

ApoEVs Promote the Regeneration of the Kidney

CRK-containing microvesicles (CRK-MVs), a kind of ApoMV
found in damaged glomeruli (Gupta et al., 2017), have
been found to promote kidney regeneration. Apoptotic
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podocyte-derived ApoMVs might induce compensatory
proliferation of parietal epithelial cells and injured tubular
epithelial cells. Notably, ApoMVs induce compensatory
proliferation in most of the analyzed target epithelial cells
(Gupta et al, 2017). Apoptotic MSC-derived EVs act as
paracrine signals to promote the repair of nephrons after injury
(Bussolati and Camussi, 2017).

ApoEVs Promote Bone Regeneration

Osteoporosis is a kind of systemic osteopathy caused by
the imbalances in bone formation and bone resorption.
Cerri (2005) showed that osteoblasts engulf bone cell-derived
ApoBDs during the rat maxilla alveolar bone formation.
Recently, (Liu et al., 2018) showed that systemic injection
of exogenous BMSC-derived ApoBDs reversed MSC damage
and improved the osteopenia in ovariectomized (OVX) mice.
MSCs can engulf ApoBDs via integrin avB3 and inhibit
Axin. The ApoBD-derived ubiquitin ligases RNF146 and
miR-328-3p, thus activate the Wnt/B-catenin pathway. This
finding confirms the role of ApoBDs in maintaining bone
homeostasis and suggests the potential of ApoBDs in treating
osteoporosis. ApoBDs also mediate intercellular communication
between osteoclasts and osteoblasts. In bone remodeling, mature
osteoclast-derived ApoBDs (mOC-ApoBDs) are taken up by
pre-osteoblastic cells and prompt osteogenic differentiation
by activating phosphoinositide 3-kinase (PI3K)/AKT Ser-
Thr kinase (AKT) signaling (Ma et al., 2019; Table 1 and
Figure 2). Moreover, previous studies suggested that osteocyte-
derived ApoBDs could recruit the osteoclasts and initiate
local bone resorption (Yuan et al., 2018), suggesting that
ApoBDs derived from different sources play distinct roles in
bone remodeling.

ApoEVs During Embryonic Development

Apoptosis can be detected at many stages of mammalian early
embryonic development. In the process of embryo formation and
development, apoptosis can remove abnormal and redundant
cells. Apoptosis in mammalian blastocysts is very important
for the further development of normal embryos (Hardy, 1999;
Fabian et al., 2005; Jezek and Kozina, 2009). During embryonic
development, apoptosis can help systems matching, sculpt the
body, remove the outlived sculpture, and protect the organism,
especially in neurulation, eye or ear development/invagination,
limb modeling, development of the immune system (Cohen,
1999; Buss et al., 2006; Lorda-Diez et al., 2015; Hosseini and
Taber, 2018). Jurisicova et al. (1996) found that a large number
of ApoBDs in fragmented human embryos during embryonic
development has increased since the blastocyst stage (Fabian
et al., 2005). In limb modeling, dying cells generate ApoBDs
which are engulfed by macrophages (Penaloza et al., 2006).

Since ApoEVs could affect the proliferation and differentiation
of stem cells in adult tissue, it is highly probable that a large
number of ApoEVs also play irreplaceable roles in embryonic
development. Until now, there has been little evidence on
whether ApoEVs participate in the formation and development
of embryos directly. Further investigations are necessary to
uncover the possible roles of ApoEVs in embryonic development.

THE POTENTIAL OF ApoEVs IN DISEASE
TREATMENT

Based on the importance of ApoEVs in tissue regeneration,
ApoEVs have been applied in the treatment of several
diseases including degenerative diseases, tumors, and
inflammatory diseases.

ApoEVs in Degenerative Disease

Treatment

In the cardiovascular system, ApoBDs from MSCs can promote
angiogenesis and the heart’s systolic function recovery to prevent
myocardial infarction via the regulation of autophagy (Tyukavin
et al., 2015; Liu et al., 2020). Cardiomyocyte-derived ApoBDs
revive cardiomyocyte precursors, leading to the alleviation of
heart failure in the early stage. Endothelial cell-derived ApoMVs
can protect the vasculature and inhibit atherosclerosis by
transferring miRNAs (Zernecke et al., 2009). In the urinary
system, the ApoMVs can restore injured tubular epithelial cells
and facilitate nephron repair via compensatory proliferation
(Gupta et al.,, 2017). In bone diseases, BMSC-derived ApoBDs
can maintain bone homeostasis and treat osteoporosis. Thus,
ApoEVs may be a new tool for degenerative disease treatment.
However, the above findings are limited to the experimental
stage. Extensive study of the mechanism and effect of ApoEVs
in the degenerative disease treatment are necessary before the
clinical application.

ApoEVs in Tumor Treatment

Apoptotic cell-derived EV's from tumor cells have been shown to
initiate antitumour immunity (Horrevorts et al., 2019). ApoEVs
transfer pathogen carcinogens to antigen-presenting cells and
protect the host from the tumor (Horrevorts et al., 2019). ApoEVs
derived from tumor cells contain a high level of mannose
glycans. These EVs can be engulfed by dendritic cells (DCs)
more easily via dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN). These DCs then
act through both major histocompatibility complex (MHC)-I and
MHC-II pathways to induce CD8' and CD4™" T cell responses.
It has been shown that allogeneic DCs engulfing ApoBDs from
leukemic B cells stimulate antitumour immunity in B-cell chronic
lymphocytic leukemia (B-CLL), suggesting that ApoBDs can
serve as vaccines in tumor immunotherapy (Chang et al., 2000;
Hus et al., 2005). ApoEVs derived from apoptotic melanoma
cells (B16-OVA cells) initiate antitumour immunity and protect
mice against subsequent tumor progression. The tumor antigen
PMEL was found in ApoEVs and T cells, confirming that
ApoEVs facilitate the transport of tumor antigens to antigen-
presenting cells to promote antitumour immunity (Muhsin-
Sharafaldine et al., 2016). Interestingly, although the PMEL in
ApoEVs was lower than that in other vesicles, the antitumour
protective effect of ApoEVs was more significant, suggesting that
ApoEVs work through a different mechanism. Taken together,
these findings indicate that ApoEVs can act as mediators of
intercellular communication in the tumor. Specific ApoEVs may
be useful biomarkers in monitoring disease progression. But
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FIGURE 2 | The relation of apoptotic cell-derived extracellular vesicles (ApoEVs) to cell survival, proliferation, differentiation, and tissue regeneration. ApoEVs can be
divided into two groups: the larger apoptotic bodies (ApoBDs, ABs) and the smaller apoptotic microvesicles (ApoMVs). (A) ApoMVs induce compensatory
proliferation of parietal epithelial cells and injured tubular epithelial cells, thus helping nephron repair. (B) In vitro experiments, ApoBDs engulfed by human endothelial
cells, and epithelial cells can promote the proliferation of their recipient cells, respectively. Besides, ApoBDs from dying stem cells can promote the proliferation and
regeneration of living epithelial cells and the communication with adjacent stem cells. (C) Bone marrow mesenchymal stem cells and osteoblasts have been found to
engulf ApoBDs. Exogenous ApoBDs reversed the MSCs damage and improved the osteopenia, which can promote bone regeneration. Besides, ApoBDs can
mediate intercellular communication signal mechanisms in osteoclast-osteoblast, suggesting its function in bone regeneration. (D) Endothelial cells (ECs) can engulf

regeneration of the cardiovascular system.

ApoBDs and promote angiogenesis and cardiac functional recovery. ApoBDs stimulated proliferation and differentiation of cardiomyocyte precursors and resident
stem cells (SCs). ApoMVs transfer signals to vascular cells, induce vascular protection and inhibit atherosclerosis, which underlines the functions of ApoEVs in

novel test methods to detect ApoEVs and their cargos efficiently
and accurately are necessary.

ApoEVs in Immune and Inflammatory

Disease Treatment

Apoptotic cell-derived EV's from apoptotic macrophages infected
with M. tuberculosis can be engulfed by dendritic cells derived
from peripheral blood mononuclear cells and splenic dendritic
cells. Antigens on the ApoEVs are then presented to naive
CD4" or CD8" T cells to trigger antimicrobial immunity
and eliminate M. tuberculosis, suggesting the potential use of
ApoEVs as a vaccine (Winau et al., 2006). Whether ApoEVs
can play a role in regulating the antimicrobial immunity against
other pathogens remains to be explored. ApoBDs derived from
prion-infected apoptotic neurons can be engulfed by microglia,
which suppresses prion disease by promoting prion clearance via
astrocyte-borne Mfge8 (milk fat globule epidermal growth factor
8) (Kranich et al., 2010; Tait and Green, 2010). Besides, apoptotic
human polymorphonuclear neutrophil microvesicles (apoPMN-
MVs, a kind of ApoMVs) selectively suppress the proliferation of
CD25" Ty, cells in a dose-dependent manner by downregulating
IL-2 and IL-2R expression. This downregulation inhibits the
activation of resting T cells, thereby maintaining immunological
tolerance (Shen et al., 2017). Immature DCs derived from the
bone marrow of non-obese diabetic mice engulf antigen-specific
apoptotic bodies from f cells. These DCs reduce the secretion

of proinflammatory cytokines, and prevent experimental type 1
diabetes, suggesting that antigen-specific ApoBDs engulfed by
DCs play an essential role in immunosuppression (Marin-Gallen
et al,, 2010). However, whether apoptotic § cell-derived ApoBDs
prevent diabetes by promoting islet cell regeneration needs
further exploration (Table 2). Although ApoEVs can present
antigen and facilitate immune defense response in some cases,
ApoEVs can also act as an autoantigen to induce autoimmune
diseases, such as systemic lupus erythematosus (Cocca et al,
2002), suggesting that ApoEVs may play a completely different
role in different environments.

CONCLUDING REMARKS AND
PERSPECTIVES

Regeneration and embryonic development are partly based on
common regulatory gene networks which, in both cases, may
drive similar or even identical apoptosis and/or senescence
processes. Apoptosis is a critical process in embryogenesis and
postnatal cell homeostasis by balancing proliferation and death.
Apoptosis accompanies the generation of membranous vesicles
termed apoptotic extracellular vesicles (ApoEVs). ApoEVs can
transit to the target cells and exchange signaling molecules,
including DNA, RNA, and proteins, to regulate cell proliferation
and differentiation and tissue regeneration after phagocytosis.
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Opverall, there is compelling evidence to support the importance
of ApoEVs in regulating tissue development and regeneration,
such as in the cardiovascular system, urinary system, and bone.
ApoEVs are potential components in the treatment of tumors,
inflammatory diseases, and degenerative diseases. Therefore, the
neglected ApoEVs could be considered as a key mechanism of
intracellular communication. The ability of ApoEVs to proliferate
and differentiate demonstrates a good balance between the
beneficial effects of apoptosis and regeneration. Although there
have been very few studies about the ApoEVs and their particular
developmental processes, it is necessary to further explore the
relationship between them. Compared with traditional drugs,
ApoEVs have several advantages: (1) ApoEVs can be easily
recognized by target cells through specific markers (PS, Tsb,
and C3b); (2) the bioactive factors enveloped in ApoEVs
provide essential signals to simultaneously promote the various
functions of cells; (3) ApoEVs can affect adjacent tissues or
distant tissue through the circulation. Emerging evidence has
shown that ApoEVs are useful tools in tissue regeneration and
disease treatment. Nevertheless, there remain several hurdles
and challenges to be overcome before clinical applications of
ApoEVs in disease treatment and tissue regeneration. Several
critical questions need to be answered: How can ApoEVs play a
decisive role in particular types of diseases? Do ApoEVs work by
transferring specific contents directly or indirectly by recruiting
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Digits develop in the distal part of the embryonic limb primordium as radial
prechondrogenic condensations separated by undifferentiated mesoderm. In a short
time interval the interdigital mesoderm undergoes massive degeneration to determine
the formation of free digits. This fascinating process has often been considered as an
altruistic cell suicide that is evolutionarily-regulated in species with different degrees
of digit webbing. Initial descriptions of interdigit remodeling considered lysosomes as
the primary cause of the degenerative process. However, the functional significance
of lysosomes lost interest among researcher and was displaced to a secondary role
because the introduction of the term apoptosis. Accumulating evidence in recent
decades has revealed that, far from being a unique method of embryonic cell death,
apoptosis is only one among several redundant dying mechanisms accounting for the
elimination of tissues during embryonic development. Developmental cell senescence
has emerged in the last decade as a primary factor implicated in interdigit remodeling.
Our review proposes that cell senescence is the biological process identified by vital
staining in embryonic models and implicates lysosomes in programmed cell death. We
review major structural changes associated with interdigit remodeling that may be driven
by cell senescence. Furthermore, the identification of cell senescence lacking tissue
degeneration, associated with the maturation of the digit tendons at the same stages of
interdigital remodeling, allowed us to distinguish between two functionally distinct types
of embryonic cell senescence, “constructive” and “destructive.”

Keywords: programmed cell death, apoptosis, extrinsic pathway, mitochondrial pathway, lysosomes, cell death
genes, developmental senescence, tendon differentiation

INTRODUCTION

Embryonic development, is a mostly plastic biological process that requires coordinate structural
and architectural changes in cellular constituents. Among these changes are cell migration from
one to other embryonic regions, differential proliferation of progenitors in specific embryonic
regions, dissociation of epithelial tissues to form free mesenchymal progenitors, and aggregation
and subsequent differentiation of cells to form organ primordia. It is believed that these cellular
events are orchestrated at the local level by cell interactions mediated via secreted signals and/or
changes in the composition and structure of the extracellular matrix that forms the substrate
occupied by the cellular elements. Cell death is one additional embryonic process with a pivotal
role in embryogenesis. As advanced by Gliicksmann (1951) in the middle of the last century,
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cell death is associated with most embryonic events. However, in
a high number of cases, cell death is massive and accounts for
the elimination of a large mass of tissue that sculpt the shape
of an embryonic organ (“morphogenetic cell death”), or of the
whole embryonic primordium corresponding to an organ that is
lost in the course of evolution (“phylogenetic cell death”). The
formation of free digits in tetrapods or the loss of the tail in the
larvae of amphibian Anura during metamorphosis are illustrative
examples of processes characterized by massive cell death. The
direct impact of massive cell death in morphogenesis and its
precise and reproducible temporospatial pattern were often
considered evidence of a singular developmental mechanism
programmed at their genetic level. According to this view the
prospective dying cells will die even if they are previously
isolated from the embryo to explant cultures (Saunders, 1966).
This belief was reinforced by the direct association of changes
in the pattern of cell death with the diversification of organ
morphology as species become evolutionarily adapted to serve
different functional requirements. A most illustrative example of
this fact are the varieties in the pattern of interdigital cell death
according to the pattern of digit webbing in species adapted to
live in distinct habits. Thus, among the differences in humans,
mice or chickens, interdigital cell death is absent or reduced in the
developing bat wings (Weatherbee et al., 2006), in the developing
flippers of aquatic mammalias (Cooper et al., 2018) and in the feet
of swimming aquatic birds (Tokita et al., 2020). The discovery of
“cell death genes” directly related to the physiological elimination
of specific cells in the worm C. elegans (Ellis and Horvitz, 1986)
and their evolutionary conservation in mammals (Peter et al.,
1997) provided strong support for this idea.

The idea of a singular genetic regulation of embryonic cell
death was reinforced by the proposal of a specific type of cell
death, termed “apoptosis,” (Kerr et al., 1972) accounting for cell
elimination in most, if not all, physiological dying processes.
However, research in the last decades have changed the view
about the regulation of the embryonic cell death. Studies in a
variety of models of embryonic tissue degeneration indicate that
rather than being inherently programmed, cell death is locally
regulated by extrinsic molecular interactions. The plasticity of the
interdigital tissue in stages immediately prior to the onset of death
provides solid support for the importance of extrinsic signals
in the establishment of the degenerative process (see review by
Montero et al., 2020). In addition, as will be discussed below,
accumulating evidence has revealed that, far from being a unique
way of embryonic cell death, apoptosis is only one among several
redundant dying mechanisms accounting for the elimination of
tissues in the course of embryonic development (Childs et al.,
2014). Therefore, a detailed knowledge of the different dying
cascades activated during each embryonic process would improve
our understanding of the biological significance of cell death in
developing systems.

AREAS OF INTERDIGITAL CELL DEATH

In developing vertebrates, digits are formed in the distal
part of the limb primordium, termed the autopod, as

radial prechondrogenic condensations (Figure 1). Between
the differentiating digits rays, the mesodermal tissue
remains  undifferentiated, forming interdigital regions.
The interdigital mesoderm undergoes degeneration once
the digit primordia become established and progresses
until the digits achieve their final morphology. This
process lasts between 36 and 48 h in mouse and chick
embryos and its sequence was traditionally mapped by
vital staining with Neutral red or Nile blue (Figure 2A).
Importantly, the intensity of the degenerating process in
different species appears directly associated with the final
morphology of the digits (Tokita et al, 2020). It is lower
in species with webbed digits and very intense in species
with free digits.

In this review we will survey the cell death effectors identified
in the regressing interdigits of mammalian and avian species
during the morphogenesis of the digits.

APOPTOSIS

The term of “apoptosis” was coined to define, a type of
cell death, “active, and inherently programmed,” that is
distinct from “necrosis” (Kerr et al., 1972). In contrast to
necrosis, cells undergoing apoptosis shrink and fragment
without disintegrating their membranes and do not induce
an inflammatory response (Kerr et al, 1972). The initial
identification of regulatory genes, termed “cell death genes,
that activate or inhibited physiological cell death in the worm
C. elegans (Ellis and Horvitz, 1986) and the subsequent
identification of homologous genes in vertebrates, sparked
an enormous interest in apoptosis in developmental and
cancer studies (Peter et al., 1997). A family of cysteine-aspartic
proteases termed caspases was identified as central players
of apoptosis in vertebrates, although their functions were
found to be much wider than those of apoptosis (McArthur
and Kile, 2018). Caspases are produced as inactive zymogens
that are sequentially activated by proteolysis through complex
molecular cascades. Several initiator caspases, Caspase 8
and Caspase 9, have the function of activate the executioner
Capases 3, 6, and 7. The executioner caspases cleave many
cytosolic and nuclear substrates, resulting in, among other
effects, the activation of the Caspase-activated DNase
(CAD; Nagata et al, 2003) and irreversible death of the
cel. A biochemical hallmark of the degradation process
is the fragmentation of DNA in the internucleosomal
regions (Wyllie, 1980). This feature was widely employed
to identify the apoptotic process by electrophoresis and by
the TUNEL assay.

Two distinct apoptotic routes, extrinsic and intrinsic
pathways, have been identified according to the signal
that triggers the apoptotic molecular cascade (Figure 3).
Regardless of the route, the apoptotic cells are TUNEL-
positive and exhibit internucleosomal DNA fragmentation.
These canonical features are observed at initial stages of
interdigital tissue remodeling (Garcia-Martinez et al., 1993;
Montero et al., 2016).
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digits (d1-d2-d3-d4) in the adult chicken.

FIGURE 1 | lllustrations showing the changes associated with digit formation in the avian autopod. (A) SEM micrograph of the autopod at the most initial stages of
digit formation. (B) drawing showing the formation of digit rays (d1-d2-d3-d4) and interdigits (id) in the mesodermal core of the autopod. (C) Final morphology of the

Apoptosis Activated by the Intrinsic
Pathway

The intrinsic route, also termed the mitochondrial apoptotic
pathway, is characterized by permeabilization of the
outer mitochondrial membrane. It is initiated following
diverse stimuli affecting the cell or the cell environment.
Many apoptotic-inducing stimuli recognized in different
experimental settings to activate the intrinsic apoptotic
pathway are associated with the remodeling of interdigits.
These proapoptotic signals include the following: increased
oxidative stress (Salas-Vidal et al., 1998; Eshkar-Oren et al,,
2015), DNA damage (Montero et al, 2016), loss of cell-
cell and/or cell-matrix adhesion (Zuzarte-Luis et al., 2006;
Diaz-Mendoza et al, 2013), and growth factor withdrawal
(Montero et al., 2001).

The initial stimuli activate a complex molecular machinery
that involves the predominant participation of members of
the BCL-2 protein family (gene homologous to C. elegans
CED 9) characterized by sharing sequence and structural
similarities. This gene/protein family comprises pro-apoptotic
and pro-survival members (Figure 3). The two groups of
factors have opposing effects that are translated to the outer
mitochondrial membranes (Chen et al, 2015). The pro-
apoptotic members can be grouped into two subgroups
based on the number of BCL-2 homology domains (BH
domains). Members of the first subgroup, termed BH3-
only proteins, have only a BCL-2 homology domain (BH3),
and include, BIM, PUMA, BID, BME NOXA, BIK, BAD,
and HRK. The BH3-only factors become upregulated upon
stimulation by the apoptotic signals mentioned above and
block the pro-survival factors and/or activate directly the
second subgroup of pro-apoptotic factors (multi-BH domain
factors) constituted by BAX, BAK, and BOK (Ke et al,
2018) that cause permeabilization of the outer mitochondrial
membrane and subsequent delivery of cytochrome C and
mitochondrial genotoxic factors such as AIF (apoptotic
inducing factor). Cytochrome C forms a complex with APAF-1

(apoptotic protease-activating factor-1) and pro-caspase 9, the
“apoptosome,” which activates initiator Caspase-9. This caspase
activates the executioner caspases.

The pro-survival factors of the BCL-2 family include BCL-
2, MCL-1, BCL-XL, BCL-W, and A1/BFL-1. These factors block
the activation of BAX, BAK, and BOK, by the BH3-only pro-
apoptotic factors, thus protecting cells from apoptosis (Figure 3).

Preferential expression domains of pro-survival factors in
the developing digits and pro-apoptotic factors in remodeling
interdigits have been reported. Thus, BCL-2, BCLXL (Novack
and Korsmeyer, 1994; Beci¢ et al., 2016), and Al (Carrid
et al, 1996) show preferential expression domains in the
developing digits, while BAK and BAX are preferentially
expressed in the interdigital regions (Dupé et al, 1999;
Beci¢ et al., 2016).

Despite the importance of cell death in embryonic
development, mice subjected to individual deletion of the
different components of this cascade (including Al, Bak, Bax,
Bad, Bcl2, Bik, Bim, Bmf, Bok, Hrk, Puma, and Noxa) lack the
digit phenotype and most of them develop normally (Ke et al.,
2018; and reviews by Tuzlak et al, 2016; Voss and Strasser,
2020). Syndactyly was only observed in double (Bax/Bak;
Bax/Bim; Bim/Bmf) or triple (Bax/Bak/Bok) knockout mice
(see Voss and Strasser, 2020). These observations indicate a
major role of multi-BH domain factors in the regulation of
this route of apoptosis in the interdigits. However, BAX and,
most likely also BAK, are regulators of the lysosomal membrane
permeability (Figure 3), suggesting that its deletion may not
only interfere with the apoptotic pathway but also interfere
with the lysosomal role in cell death (review by Johansson
et al, 2010). The penetrance of syndactyly in double KO of
Bak and Bax is accentuated in triple KO that includes the
autophagic regulator gene Atg5 (Arakawa et al, 2017). This
finding is consistent with a cooperative role of distinct death
pathways in interdigit remodeling. This interpretation is
also consistent with the absence of the syndactyly (Chautan
et al., 1999) after deletion of APAF-1, a component of the
apoptosome that exerts a pivotal function in the activation
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FIGURE 2 | Patterns of cell death and cell senescence in the developing autopod of chick embryos at incubation day 7.5. (A) areas of cell death (INZs) mapped by
vital stained with neutral red. (B) Vibratome section of autopod at stage equivalent to that illustrate in (A) showing the pattern of SAB-gal staining for cell senescence.
Note the identical pattern of SAB-gal and neutral red vital staining in (A). Note also the positivity for SAB-gal in the developing tendons (arrow). (C) Semithin section of
the third interdigital space stained with toluidine blue to show the structure of the regressing interdigits. Note the abundance of dark dying cells. Arrow shows a large
macrophage containing phagocytosed dead cells. (D) Transverse vibratome section of digit 3 at id 8, showing SAB-gal staining in the interdigital margins of the digit
(arrows) and in the extensor and flexor tendons (arrow heads) in course of differentiation. (E) Transverse section of digit 3 stained with toluidine blue showing a
detailed view of the digit flexor tendon. The level of the section is indicated by black arrows in (B). (F) longitudinal section of the autopod through the level of the
flexor tendons after incubation for 30 min in bromodeoxyuridine (BrdU). Note the reduced proliferation in the interdigital regions (id) and in the core of the developing
tendons (T) (originally published in Lorda-Diez et al., 2009).

of Caspase 9. This initiator caspase is responsible for the Microscopic analysis showed that non-apoptotic cell death
activation of the executioner caspases and occupies the last step  accounts for the removal of the interdigital cells in APAF-1
in the mitochondrial apoptotic pathway (Yoshida etal,, 1998). mutant mice (Chautan et al., 1999).
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FIGURE 3 | Degenerative routes during physiological cell death. The scheme illustrates the confluence of degenerative signals originated via the apoptotic
mitochondrial pathway, the extrinsic apoptotic pathway and the lysosomal pathway. Note also, that mitochondria may deliver non-caspase apoptotic signals, such

Apoptosis Activated by the Extrinsic
Pathway

Dying cells induced by this pathway are activated by signals
external to the cell but are morphologically indistinguishable
from apoptosis induced via the mitochondrial pathway
(Figure 3). The receptors for the dying signal belong to a
large superfamily of transmembrane receptors, termed the
tumor necrosis receptor factor family (TNFR) comprising
four major structurally homologous groups characterized by
having an intracellular domain termed the death domain.
The most representative members of these groups are p75N R
neurotrophin receptor, TNFRI, FAS (CD95), and TRAIL
Receptors 1 and 2 (Sessler et al., 2013). The ligands of this
pathway are diverse, and most belong to the TNF family of
cytokines. In the canonical pathway, upon ligand binding,
the death domain recruits adaptor proteins, also containing
a death domain sequence, forming a signaling complex with
pro-caspase 8, resulting in its activation or repression. This
initiator caspase, in turn, activates the executioner caspases (see
review by Mandal et al., 2020). However, the complexity of this
route is much greater. On the one hand, many members of the
signaling cascade perform developmental functions other than
promoting cell death (Sessler et al., 2013). On the other hand,
two other initiator caspases, Caspase 10 and Caspase 2 may

also participate in the signaling pathway and, most importantly,
the extrinsic pathway may switch to other routes of cell death,
including necroptosis and apoptosis via the intrinsic pathway
(Mandal et al., 2020).

The implication of the extrinsic pathway in interdigital cell
death has been proposed based on the specific expression of
members of this cascade in the regressing interdigits. Thus,
during the formation of the digits in mice, FAS and FASLG
together with active Caspase 8 were preferentially expressed
in the regressing interdigit (Svandova et al., 2017). In chick
embryos, the immunoreactivity for the ligand TNF alpha was
reported in the areas of mesodermal cell death of the developing
limb (Wride et al., 1994) and nuclear immunoreactivity for
active Caspase 2 was intense in interdigital apoptotic cells
(Zuzarte-Luis et al., 2006).

In contrast to the expression patterns reported above, genetic
approaches have failed to demonstrate the implication of this
pathway in interdigital tissue remodeling. Mouse deficient in
Caspase 8 are lethal before the formation of digits (Varfolomeev
et al, 1998), and humans deficient in Caspase 10 lack the
digit phenotype (Wang et al., 1999). Aditionally, despite of the
expression of Caspase 2 in the interdigital cells, mice deficient in
Caspase 2 gene lack the digit phenotype (Bergeron et al., 1998),
and interdigital electroporation of siRNA for Caspase 2 in chick
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embryos only delays, but does not inhibit, interdigit remodeling
(Zuzarte-Luis et al., 2006). Together, these observations suggest
that the above mentioned factors may be associated with other
functions such as, remodeling of the extracellular matrix or as
part of the engulfing and degradation of apopototic cells.

Executioner Caspases

The executioner caspases 3, 6, and 7 are activated by both the
intrinsic and extrinsic pathways and their proteolytic activity
accounts for apoptotic cell degradation. Positivity for the active
form of these three proteases in the interdigital dying cells
along with the presence in the remodeling interdigits of their
targets in the process of degradation supports the implication of
apoptosis in interdigital tissue remodeling (Zuzarte-Luis et al,,
2006). Although no syndactyly is observed in mouse subjected
to caspase gene silencing (Kuida et al., 1996; Zheng et al., 1999),
interdigital treatments with pan-caspase inhibitors provided
evidence for a major implication of the executioner caspases in
the physiological elimination of interdigital cells (Jacobson et al.,
1996; Zuzarte-Luis et al., 2006). However, whether inhibition of
cell death by these chemical treatments is partial or total remains
to be fully clarified.

DEVELOPMENTAL SENESCENCE AND
THE LYSOSOMAL DEATH PATHWAY:
SAME PROCESS WITH DISTINCT
NOMENCLATURE?

The concept of cell senescence was originally formulated to
describe the gradual loss of cell division capacity of cultured
fibroblasts after several cell divisions (Hayflick, 1965). This
finite mitotic capacity was explained as a protective mechanism
secondary to the shortening of telomeres after several cell
divisions (Harley et al., 1990) and was interpreted as a cell aging
mechanism that avoid infinite proliferation of individual cells
in multicellular organisms (replicative senescence). However,
subsequent studies have shown that cell senescence is a
common cell response that protects cells from physiological
and/or pathological stresses including oncogene transformation
(oncogene-induced senescence), hypoxia, oxidative stress, DNA
damage or chemotherapeutic treatments. Consistent with this
interpretation, senescence is a characteristic feature of benign
and premalignant tumors and is induced in cancer tissues after
cytotoxic treatments (Campisi and d’Adda di Fagagna, 2007).
Cell senescence has been implicated in the pathogenesis of aging-
related diseases (Baker et al.,, 2011) and is a common feature
in degenerative diseases (Krizhanovsky et al., 2008; Mufoz-
Espin and Serrano, 2014; Martinez-Cué and Rueda, 2020).
The biological and biomedical interest in these observations
promoted an enormous interest in the study and characterization
of the cell senescence phenotype (reviewed by Gorgoulis et al.,
2019). Cell cycle arrest is a major feature of cell senescence.
This is associated with upregulation of tumor suppressor genes
that block the progression of the cell cycle, such as p53, pl6
(CDKN2A), and p21. Many morphological, structural, metabolic
and molecular features are also common but are not fully specific

characteristics of senescent cells. Two seminal markers additional
to cell cycle arrest characterize senescence processes: (i) lysosomal
hypertrophy; and (ii) activation of a secretory phenotype,
termed SASP (senescence-associated-secretory-phenotype). The
hypertrophy of lysosomes concerns the upregulation of most
lysosomal enzymes (Kurz et al., 2000; Byun et al., 2009), but the
detection of B-galactosidase at pH 6 (senescence-associated-f-
galactosidase; SAP-gal) is considered the most specific biomarker
of cell senescence (Lee et al., 2006). The increased lysosomal
activity is often associated with autophagy, which recycles cellular
constituents providing energy and substrates required for the
secretion of SASP components (Ivanov et al., 2013; see review
by Shin and Zoncu, 2020). The SASP shows variations among
senescent cells of different lineages, but common components
of the SASP are proinflammatory cytokines and chemokines,
growth factors, and matrix metalloproteinases. The SASP is
thought to reinforce and spread senescence and activates immune
responses that eliminate senescent cells (Acosta et al., 2013;
Muiioz-Espin and Serrano, 2014).

In the last decade, in contrast to the protective role
played by cell senescence in adult organisms, areas of massive
cell senescence were observed during embryonic development
in structures undergoing remodeling processes, such as the
embryonic heart, otic vesicle, neural roof plate, limb primordia,
or the mesonephros (Storer et al., 2013; Mufoz-Espin et al.,
2013; Lorda-Diez et al., 2015, 2019; Varela-Nieto et al.,
2019). It was proposed that cell senescence is primarily an
embryonic process that is evolutionarily adapted to protect
organisms from oncogenesis, premature aging and other cell
stressors (Storer et al., 2013) via the elimination of unwanted
or damaged cells (Mufoz-Espin and Serrano, 2014). In
the embryonic models, the predominant view is that local
remodeling signals promote cell senescence. However, the fate
of senescent cells and their functional integration with other
canonical embryonic degenerative processes, such as apoptosis,
autophagy, extracellular matrix degeneration, or phagocytosis,
await clarification (Childs et al., 2014; Li et al., 2018).

Cell Senescence Is a Feature of the INZs

Interdigital tissue remodeling (formerly described as, interdigital
necrotic zones, INZ) during digit morphogenesis constitutes the
most appropriate model to study the biological significance of
cell senescence in developing systems (Lorda-Diez et al., 2015).
Consistent with the senescence nature of this morphogenetic
process cell cycle arrest and overexpression of p21, p63, p73,
and the Btg/Tob tumor suppressor gene family are precocious
features of interdigit remodeling (Tone and Tanaka, 1997; Vasey
et al., 2011; Lorda-Diez et al., 2015; Svandova et al., 2017).
Furthermore, SAB-gal histochemical staining is a very precise
marker of INZs (Figure 2B), and also identifies all other areas
of embryonic cell death (Mufioz-Espin et al., 2013; Storer et al.,
2013; Lorda-Diez et al., 2019). Remarkably, the pattern of SAB-
gal is indistinguishable from the pattern of staining with vital
dyes (Figures 2A,B) or with specific lysosomal markers, such as
LysoTracker (Zucker and Rogers, 2019). Classical descriptions
of the embryonic areas of cell death have relied mainly on vital
staining procedures. The staining similarity between SAB-gal and
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Neutral red or Nile blue is not surprising because vital dyes
(Weijer et al., 1987), including LysoTracker (Zucker and Rogers,
2019), are markers of the lysosomal compartments (lysosomes,
autophagosomes, or heterophagosomes).

Molecular compounds, such as tissue transglutaminase (tTG),
which has been reported to be a marker of cell senescence
(Kim et al,, 2001), are specifically expressed in the developing
interdigits (Dupé et al, 1999; Thomdzy and Davies, 1999;
Svandova et al, 2017). Importantly, immunohistochemistry
and transcriptional analysis of INZ identified the prominent
upregulation of characteristic SASP members (Dupé et al., 1999;
Allan et al, 2000; Lorda-Diez et al., 2015; Svandova et al,
2017), including interleukin 8, Igf1, IgfBP5, HGE, Tgf2, AREGB
(Amphiregulin B), matrix metalloproteinases (MMPs) (such as,
MMP2, MMP9, MMP11, and ADAMTS9), and members of the
TNF signaling pathway (such as TNF alpha, Fas (CD95), FasL,
Tnfrsfla, Tnfrsf21 (DR6), and Tnfrsf 23) (Table 1).

Cell Senescence and Tendon Formation
During Digit Development

A central question about cell senescence in INZ (and also in other
areas of embryonic cell death) is whether it is a degenerating
event that precedes apoptosis or whether it is concurrent with
apoptosis but plays a protective role against local stressors.

TABLE 1 | SASP components identified in the regressing interdigits.

Genes 6id 7.5id 8id

Expression fold changes

Senescence-associated secretory phenotype (SASP; Lorda-Diez
et al., 2015)

IL8L1 1.00 £ 0.04 11.10 £ 3.51* 20.59 + 5.18*
iLsL2 1.02 + 0.08 1.93 + 0.22** 3.12 + 0.46*
AREGB 1.06 +£0.19 2.23 + 0.43* 2.46 + 0.71*
HGF 1.01 £0.08 1.98 + 0.20** 1.85 £ 0.37*
TGFp2 1.03 + 0.07 1.85 + 0.25* 2.53 + 0.53*
IGF1 1.00 £ 0.01 5.72 + 1.62* 7.86 * 2.20*
IGFBP5 1.00 £0.02 7.70 + 1.86** 19.36 =+ 4.44*
MMP2 1.01 £ 0.06 2.79 + 0.45** 4.47 + 0.78*
MMP9 1.00 £0.02 2.49 + 0.44* 4.33 £ 0.91*
Adamts9 1.00 + 0.04 6.70 &+ 1.11** 22.66 + 5.92*
FAS 1.02 + 0.04 1.88 £+ 0.18*** 1.81 £ 0.24*
TNFRSF21 1.00 £0.02 0.83+0.12 1.62 £ 0.25*
TNFRSF23 1.08+0.14 1.92 £+ 0.31* 3.28 + 0.88*

Other SASP components upregulated in the interdigit
TNFa Wride et al., 1994
MMP11 Dupé et al., 1999
tTG Dupé et al., 1999
FASLG Svandova et al., 2017

The upper part of the table shows components undergoing intense transcriptional
upregulation in the third interdigits of the chick limb. Note the increased expression
from the stage preceding interdigit remodeling (id 6) to the stage of peak
degeneration (id 8). The lower part of the table corresponds to characteristic SASP
components reported to be expressed at high levels in the regressing interdigits
of mouse and human embryos. *p < 0.001;, *p < 0.01; *p < 0.05 statistical
significance (bold) in differences of gene expression levels between 7.5id (middle
column) and 8id (right column) vs 6 id (left column).

The pattern of SAP-gal staining in vibratome sections of the
developing autopod reveals two extremely different domains: the
interdigits and the core of the differentiating tendon blastemas
(Figures 2B,D). As described above, the interdigital regions
are very positive for SAB-gal. Notably, these domains have a
characteristic doted appearance consistent with a distribution of
SAB-gal in lysosomes and phagosomes of most interdigital cells.
By contrast, the labeling of the tendon blastemas is very intense
but uniform, consistent with the presence of a dense number of
primary lysosomes per cell. The senescence nature of the tendon
domains is supported by cell cycle arrest in the core cells of the
tendons (Figure 2F; Lorda-Diez et al., 2009) and by the precise
expression of Tgfbeta 2 and CCN matricellular proteins (Lorda-
Diez et al., 2013) and IGFBP-5 (Allan et al., 2000), which are
characteristic SASP members that promote senescence in adult
tissues and other embryonic models (Jun and Lau, 2010; Mufioz-
Espin et al., 2013; Gibaja et al., 2019). Considering the different
structures of the tendon blastemas and interdigits (Figures 2C,E)
and the disparate fate of both tissues, it is likely that senescence
in the tendon blastemas reflects a distinct biological function.
Tendon blastemas in the stages of interdigital remodeling, are
in the course of differentiation characterized by the production
and maturation of a hypocellular fibrous matrix associated with
the expression of CCN matricellular proteins (Lorda-Diez et al.,
2011). It is tempting to propose the similarity of this process to
that during cutaneous wound healing in adult organisms where
senescence, regulated via CCN matricellular proteins, functions
as a modulator of fibrosis (Jun and Lau, 2010). The occurrence
of cell senescence associated with cell differentiation but not with
apoptosis is not an exclusive feature of the developing tendons.
During eye development, cell senescence identified by specific
SAB-gal labeling, p21 gene expression and proliferation arrest,
has been reported in differentiating neurons and photoreceptors
of the developing retina (de Mera-Rodriguez et al., 2019). Similar
findings were observed in the maturing ventricular myocardium
of embryonic mice (Lorda-Diez et al., 2019). Whether these non-
degenerative processes positive for SAP-gal constitutes “true”
cell senescence processes or reflects that distinct biological
phenomena share mechanistic events remains to be clarified.
It is tempting to suggest a double and opposite functional
significance of senescence in developing systems. In most cases,
cell senescence is coincident with zones of cell death identifiable
by current techniques of vital staining, that we propose to term
“destructive developmental cell senescence,” to be distinguished
from systems, such as the developing tendons or maturing retinal
neurons, where senescence mechanisms appear associated with
the establishment of low- or non-proliferative mature tissues. We
propose the term “constructive developmental senescence” for
these processes.

Lysosomal Implication in Interdigit

Remodeling and Cell Senescence

The abundance of rounded dark dying cells in histological
sections of interdigits during remodeling suggests that apoptosis
is the predominant cell degenerative feature of this regressing
tissue (Figure 2C). However, transmission electron microscopy
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showed that, in addition to dark apoptotic cells, necrotic-like
cell remnants with disintegrated cell membranes (Figure 4A),
and healthy cells (deduced by their nuclear morphology) rich
in lysosomal vacuoles are very abundant (Figure 4B). These
vacuoles are of variable size. In some cases, the small size,
structure, and content of these vacuoles allow their identification

as autophagic. In other cases, vacuoles are large and their
content suggests a heterophagic origin. Cell senescence is
accompanied by an increased mass of lysosomes (Kurz et al,
2000) and intense autophagy (Young et al., 2009). Additionally,
at least in some cancer models of senescence, cells are highly
enriched for genes related to phagocytosis and actively engulf

FIGURE 4 | Transmission electron microscopic images of the interdigital tissue during remodeling (incubation day 7.5). (A) low magnification view showing the
presence of electron-dense apoptosis (*) and necrotic like cells with disintegration of cell membranes (arrow heads). (B) healthy interdigital cells (enhanced in yellow)
located between dark apoptotic cells. Arrows show the abundance a phagosomes of different sizes within the cytoplasm. Magnification bar = 5 um.
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neighboring senescent cells (Tonnessen-Murray et al.,, 2019).
These observations together with the absence of other identifiable
cell populations in the regressing interdigits, except for large
macrophages of hemopoietic origin (Cuadros et al, 1992)
and blood vessels, indicate that cells rich in autophagic and
heterophagic vacuoles are the ones labeled with SAB-gal; and
therefore, they are senescent cells.

Studies devoted to analyzing the involvement of lysosomes
in the areas of embryonic cell death provided compelling
evidence for active lysosomal participation in remodeling limb
tissues (Hurle and Hinchcliffe, 1978), albeit the knockdown of
lysosomal genes in mice do not cause syndactyly (Saftig et al.,
1995; Deussing et al., 1998; Roth et al, 2000). The following
observations support the active participation of lysosomes in
interdigit tissue removal: (1) as mentioned above, lysosomes
and digestive vacuoles containing the cell remnants of auto
and/or heterophagic origin are very abundant in the interdigital
mesoderm, including TUNEL-positive apoptotic cells (Zuzarte-
Luis et al., 2006); (2) various lysosomal cathepsins and lysosomal
DNases are intensely upregulated in the interdigits at both the
mRNA and protein levels, even when interdigits are explanted
to culture dishes, to eliminate the participation of exogenous
professional phagocytes of hematopoietic origin (Zuzarte-Luis
et al., 2007; Montero et al., 2010); (3) the microenvironmental
pH value in the interdigits decreases during remodeling to levels
only appropriate for acidic enzymes (Montero et al., 2010);
(4) lysosomal enzymes are released into the cytoplasm of cells
during degeneration (Hurle and Hinchcliffe, 1978; Zuzarte-Luis
et al., 2007; Montero et al., 2010); (5) local treatments with
the cathepsin D inhibitor pepstatin A significantly increased
the inhibition of interdigital cell death by treatments with pan-
caspase inhibitors (Zuzarte-Luis et al., 2007); (6) syndactyly
observed in Bak/Bax double-knockout mice, is potentiated when
combined with the silencing of the autophagic regulator gene
Atg5 (Arakawa et al,, 2017).

Although autophagy and even heterophagy are survival
mechanisms that supply energy to support the secretory profile
of senescent cells (Young et al., 2009; Tonnessen-Murray et al.,
2019), the above-reviewed observations suggest that rather than
protecting cells from local stressors, cell senescence, via lysosomal
activation exerts an active and potent catabolic function in the
elimination of interdigital tissue.

Lysosomal vs. Caspase-Dependent
Dying Mechanisms: Sequential or

Complementary Processes?

Whether the lysosomal- and caspase-dependent cell death are
redundant and independent dying pathways, or if they constitute
hierarchical mechanisms, are central questions to unravel the
basis of interdigit remodeling. Studies of cell death during
Drosophila metamorphosis provide examples of lysosomal cell
death (autophagic) acting in parallel with caspases (salivary
gland remodeling), independent of caspases (midgut cell death)
and, upstream or downstream caspases in a context depend
fashion (ovary maturation) (reviewed by Doherty and Bachrecke,
2018). In the case of the remodeling interdigits the identification

of a common upstream regulation for both lysosomal cell
death and apoptosis suggests a dual-parallel role of lysosomal
and caspase-dependent cell death (Montero et al., 2016). DNA
methyl transferases 1, 3A and 3B (DNMT1, 3A, and 3B) and
the epigenetic regulators UHRFI and 2 show high expression
domains in the interdigital regions preceding the establishment
of INZs. Gain- and loss-of-function experiments of DNMT3B
and UHRF genes established a positive correlation between the
expression level of these epigenetic regulators and cell death
(Sanchez-Fernandez et al., 2019, 2020). Furthermore, interdigital
progenitors are much more sensitive to genotoxic stimuli than
cells of the growing digit tip that survive and account for
digit outgrowth (Sanchez-Fernandez et al., 2020). Notably, local
signals that are not harmful for differentiating progenitors
cause DNA damage that interdigital cells try, but fail, to repair
(Montero et al., 2016). According to these studies, failure to
DNA repair triggers both apoptosis and lysosomal activation as
a defensive response of cells against DNA damage. The sequence
of lysosomal and caspase-dependent cell death that follows DNA
damage after exposure to physiological (BMPs) or exogenous
(H20,) dying signals supports this interpretation (Montero et al.,
2016). However, the complexity and promiscuity of the molecular
machinery implicated in the different forms of cell death as well
as the scarcity of interdigital phenotypes after gene silencing
of the main players of each degenerative pathway, cannot rule
out an alternative “hierarchical” function starting by caspase-
dependent cell death and followed by lysosomal activation.
Thus, mouse deficient in Apafl, lacking caspase-dependent cell
death, shows that apoptotic cells observed during physiological
interdigit regression are substituted by cells with a rather necrotic
appearance (Chautan et al., 1999). Whether this finding reflects
that blocking caspases results in a context-dependent activation
of lysosomes, as reported in fibroblast Bax/Bak~/~ (Shimizu
et al., 2004), or if physiological lysosomal cell death expands
and replace caspases in the elimination of interdigital cells has
not been fully ascertain. However, as we reported above, triple
KO of Atg5/Bax/Bak™/~ increases significantly the penetrance
of syndactyly (i.e., the number of cells eliminated) observed in
caspase-deficient mouse Bax/ Bak—/~ (Arakawa et al., 2017), thus
supporting the dual role of both dying pathways. Considering
that lysosomal activation represents a manifestation of cell
senescence it is tempting to suggest, that this double activation of
caspases and lysosomes is the basis of what we called “destructive
developmental cell senescence.”

ADDITIONAL POTENTIAL FUNCTIONS
OF CELL SENESCENCE IN INTERDIGIT
REMODELING: EXTRINSIC APOPTOTIC
PATHWAY, RECRUITMENT OF
MACROPHAGES AND EXTRACELLULAR
MATRIX DEGRADATION

As described above, among the components of SASP identified
in interdigit remodeling are members of the TNFR superfamily
of transmembrane receptors, which participate in various models
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of apoptosis activated by the extrinsic pathway. Because full
characterization of the interdigital SASP has not been performed
to date, additional members of the TNF signaling pathway
produced by the senescent interdigital cells may be involved in
the regulation of cell death. Similarly, cytokines and chemokines
included in the SASP may contribute to recruit professional
macrophages (Cuadros et al, 1992) to fully accomplish the
elimination of dying cells and cell detritus. This is an important,
but dispensable, aspect of the regression of the interdigital tissue
(Wood et al., 2000).

A final important feature of interdigit remodeling is the
degradation of the extracellular matrix, collapse of the blood
vessels (Hurle et al., 1985) and the subsequent elimination
of waste ectodermal tissue into the amniotic sac (Hurle
and Fernandez-Teran, 1983; McCulloch et al., 2009; Kashgari
et al., 2020). This aspect of tissue remodeling has been often
neglected in developmental studies devoted to cell death-
mediated morphogenesis. However, its dysregulation abrogates
the formation of free digits (McCulloch et al., 2009; Kashgari
et al., 2020). The abundance of secreted matrix metalloproteases
in the SASP (described above) sustains without doubt this
important aspect of interdigital tissue remodeling.

CONCLUDING REMARKS

The experimental data surveyed here support the occurrence
of a unified process of embryonic tissue remodeling involving
the activation of two main degenerative routes, namely, the
lysosomal pathway-mediated and caspase-dependent cell death.
From an historical point of view, the introduction of the term
apoptosis, to define a type of cell death “active, and inherently
programmed” distinct from “necrosis” (Kerr et al., 1972) led to
a breakthrough in our knowledge of the control and biological

REFERENCES

Acosta, J. C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J. P.,
et al. (2013). A complex secretory program orchestrated by the inflammasome
controls paracrine senescence. Nat. Cell Biol. 15, 978-990. doi: 10.1038/
ncb2784

Allan, G. J., Flint, D. J., Darling, S. M., Geh, J., and Patel, K. (2000). Altered
expression of insulin-like growth factor-1 and insulin like growth factor binding
proteins-2 and 5 in the mouse mutant Hypodactyly (Hd) correlates with sites of
apoptotic activity. Anat. Embryol. 202, 1-11. doi: 10.1007/pl00008239

Arakawa, S., Tsujioka, M., Yoshida, T., Tajima-Sakurai, H., Nishida, Y., Matsuoka,
Y., et al. (2017). Role of Atg5-dependent cell death in the embryonic
development of Bax/Bak double-knockout mice. Cell Death Differ. 24, 1598-
1608. doi: 10.1038/cdd.2017.84

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de
Sluis, B., et al. (2011). Clearance of pl6Ink4a- positive senescent cells delays
ageing-associated disorders. Nature 479, 232-236. doi: 10.1038/nature10600

Beci¢, T., Bilan, K., Mardesi¢, S., Vukojevi¢, K., and Saraga-Babi¢, M. (2016).
Spatiotemporal distribution of proliferation, proapoptotic and antiapoptotic
factors in the early human limb development. Acta Histochem. 118, 527-536.
doi: 10.1016/j.acthis.2016.05.008

Bergeron, L., Perez, G. 1., Macdonald, G., Shi, L., Sun, Y., Jurisicova, A., et al. (1998).
Defects in regulation of apoptosis in caspase-2-deficient mice. Genes Dev. 12,
1304-1314. doi: 10.1101/gad.12.9.1304

significance of cell death in embryonic and non-embryonic
processes. However, as a counterpart, the role of lysosomes
was neglected, despite initial descriptions considering lysosomes
as the primary cause of the embryonic remodeling processes
(Salzgeber and Weber, 1966; Hurle and Hinchcliffe, 1978). The
description of “developmental senescence” recovered lysosomes
as major effectors of embryonic cell death, and the discovery
of the SASP shed much light on our understanding of local
signaling emanating from the degenerating cells that modulates
the intensity and expansion of tissue remodeling. However,
it is important to highlight the differences observed between
two adjacent senescent processes occurring at the same stages
in the developing autopod: interdigit remodeling and tendon
tissue maturation. In contrast to reports in adult tissues where
senescence is considered a protective process against stressors,
interdigital senescence appears to be a destructive (Mufoz-
Espin et al, 2013), but finely regulated process (“destructive
developmental cell senescence”). By contrast, senescence in the
developing tendons, is not associated with tissue degeneration
and appears to be a constructive process that regulates tendon
maturation (“constructive developmental senescence”).

AUTHOR CONTRIBUTIONS

JM, CL-D, and JH discussed, reviewed, edited, and wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by a grant (BFU2017-84046-P) from the
Spanish Science and Innovation Ministry to JM.

Byun, H. O,, Han, N. K, Lee, H. J., Kim, K. B, Ko, Y. G,, Yoon, G,, et al.
(2009). Cathepsin D and eukaryotic translation elongation factor 1 as promising
markers of cellular senescence. Cancer Res. 69, 4638-4647. doi: 10.1158/0008-
5472.CAN-08-4042

Campisi, J., and d’Adda di Fagagna, F. (2007). Cellular senescence: when bad things
happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 729-740. doi: 10.1038/nrm2233

Carri6, R., Lopez-Hoyos, M., Jimeno, J., Benedict, M. A., Merino, R., Benito, A.,
et al. (1996). Al demonstrates restricted tissue distribution during embryonic
development and functions to protect against cell death. Am. J. Pathol. 149,
2133-2142.

Chautan, M., Chazal, G., Cecconi, F., Gruss, P., and Golstein, P. (1999). Interdigital
cell death can occur through a necrotic and caspase-independent pathway.
Curr. Biol. 9, 967-970.

Chen, H. C, Kanai, M., Inoue-Yamauchi, A., Tu, H. C,, Huang, Y., Ren, D., et al.
(2015). An interconnected hierarchical model of cell death regulation by the
BCL-2 family. Nat. Cell Biol. 17, 1270-1281. doi: 10.1038/ncb3236

Childs, B. G., Baker, D. J., Kirkland, J. L., Campisi, J., and van Deursen, J. M. (2014).
Senescence and apoptosis: dueling or complementary cell fates? EMBO Rep. 15,
1139-1153. doi: 10.15252/embr.201439245

Cooper, L. N., Sears, K. E., Armfield, B. A, Kala, B.,, Hubler, M., and
Thewissen, J. G. M. (2018). Review and experimental evaluation of the
embryonic development and evolutionary history of flipper development and
hyperphalangy in dolphins (Cetacea: Mammalia). Genesis 56:dvg.23076. doi:
10.1002/dvg.23076

Frontiers in Cell and Developmental Biology | www.frontiersin.org

31

October 2020 | Volume 8 | Article 593761


https://doi.org/10.1038/ncb2784
https://doi.org/10.1038/ncb2784
https://doi.org/10.1007/pl00008239
https://doi.org/10.1038/cdd.2017.84
https://doi.org/10.1038/nature10600
https://doi.org/10.1016/j.acthis.2016.05.008
https://doi.org/10.1101/gad.12.9.1304
https://doi.org/10.1158/0008-5472.CAN-08-4042
https://doi.org/10.1158/0008-5472.CAN-08-4042
https://doi.org/10.1038/nrm2233
https://doi.org/10.1038/ncb3236
https://doi.org/10.15252/embr.201439245
https://doi.org/10.1002/dvg.23076
https://doi.org/10.1002/dvg.23076
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Montero et al.

Interdigital Tissue Remodeling

Cuadros, M. A,, Coltey, P., Nieto, C. M., and Martin, C. (1992). Demonstration
of a phagocytic cell system belonging to the hemopoietic lineage and
originating from the yolk sac in the early avian embryo. Development 115,
157-168.

de Mera-Rodriguez, J. A., Alvarez-Hernan, G., Gaiién, Y., Martin-Partido, G.,
Rodriguez-Leon, J., and Francisco-Morcillo, J. (2019). Senescence-associated B-
galactosidase activity in the developing avian retina. Dev. Dyn. 248, 850-865.
doi: 10.1002/dvdy.74

Deussing, J., Roth, W., Saftig, P., Peters, C., Ploegh, H. L., and Villadangos,
J. A. (1998). Cathepsins B and D are dispensable for major histocompatibility
complex class II-mediated antigen presentation. Proc. Natl. Acad. Sci. U.S.A. 95,
4516-4521.

Diaz-Mendoza, M. J., Lorda-Diez, C. 1., Montero, J. A., Garcia-Porrero, J. A., and
Hurlé, J. M. (2013). Interdigital cell death in the embryonic limb is associated
with depletion of Reelin in the extracellular matrix. Cell Death Dis. 4:e800.
doi: 10.1038/cddis.2013.322

Doherty, J., and Baehrecke, E. H. (2018). Life, death and autophagy. Nat. Cell Biol.
20, 1110-1117. doi: 10.1038/s41556-018-0201-205

Dupé, V., Ghyselinck, N. B., Thomazy, V., Nagy, L., Davies, P. J., Chambon, P.,
et al. (1999). Essential roles of retinoic acid signaling in interdigital apoptosis
and control of BMP-7 expression in mouse autopods. Dev. Biol. 208, 30-43.
doi: 10.1006/dbi0.1998.9176

Ellis, H. M., and Horvitz, H. R. (1986). Genetic control of programmed cell death
in the nematode C. elegans. Cell 44, 817-829.

Eshkar-Oren, L., Krief, S., Ferrara, N., Elliott, A. M., and Zelzer, E. (2015). Vascular
patterning regulates interdigital cell death by a ROS-mediated mechanism.
Development 142, 672-680. doi: 10.1242/dev.120279

Garcia-Martinez, V., Macias, D., Gafan, Y., Garcia-Lobo, J. M., Francia, M. V.,
Fernandez-Teran, M. A, et al. (1993). Internucleosomal DNA fragmentation
and programmed cell death (apoptosis) in the interdigital tissue of the
embryonic chick leg bud. J. Cell Sci. 106, 201-208.

Gibaja, A., Aburto, M. R, Pulido, S., Collado, M., Hurle, J. M., Varela-Nieto, I,
et al. (2019). TGFB2-induced senescence during early inner ear development.
Sci. Rep. 9:5912. doi: 10.1038/s41598-019-42040-42040

Gliicksmann, A. (1951). Cell deaths in normal vertebrate ontogeny. Biol. Rev.
Camb. Philos. Soc. 26, 59-86.

Gorgoulis, V., Adams, P. D., Alimonti, A., Bennett, D. C., Bischof, O., Bishop, C.,
et al. (2019). Cellular senescence: defining a path forward. Cell 179, 813-827.
doi: 10.1016/j.cell.2019.10.005

Harley, C. B., Futcher, A. B., and Greider, C. W. (1990). Telomeres shorten during
ageing of human fibroblasts. Nature 345, 458-460. doi: 10.1038/345458a0

Hayflick, L. (1965). The limited in vitro lifetime of human diploid cell
strains. Exp. Cell Res. 37, 614-636. doi: 10.1016/0014-4827(65)902
11-90219

Hurle, J., and Hinchcliffe, J. R. (1978). Cell death in the posterior necrotic
zone (PNZ) of the chick wing-bud: a stereoscan and ultrastructural
survey of autolysis and cell fragmentation. J. Embryol. Exp. Morphol. 43,
123-136.

Hurle, J. M., Colvee, E, and Fernandez-Teran, M. A. (1985). Vascular
regression during the formation of the free digits in the avian limb bud: a
comparative study in chick and duck embryos. J. Embryol. Exp. Morphol. 85,
239-250.

Hurle, J. M., and Fernandez-Teran, M. A. (1983). Fine structure of the regressing
interdigital membranes during the formation of the digits of the chick embryo
leg bud. J. Embryol. Exp. Morphol. 78, 195-209.

Ivanov, A., Pawlikowski, J., Manoharan, I, van Tuyn, J., Nelson, D. M., Rai, T. S.,
et al. (2013). Lysosome-mediated processing of chromatin in senescence. J. Cell
Biol. 202, 129-143. doi: 10.1083/jcb.201212110

Jacobson, M. D., Weil, M., and Raff, M. C. (1996). Role of Ced-3/ICE-family
proteases in staurosporine-induced programmed cell death. J. Cell Biol. 133,
1041-1051. doi: 10.1083/jcb.133.5.1041

Johansson, A.-C., Appelgvist, H., Nilsson, C. Kagedal, K., Roberg, K.,
and Ollinger, K. (2010). Regulation of apoptosis-associated lysosomal
membrane permeabilization. Apoptosis 15, 527-540. doi: 10.1007/5s10495-0
09-0452-5

Jun, J.-I. I, and Lau, F. L. (2010). The matricellular protein CCN1

induces fibroblast senescence and restricts fibrosis in cutaneous

wound healing. Nat. Cell Biol. 12, 676-685. doi: 10.1038/
ncb2070

Kashgari, G., Meinecke, L., Gordon, W., Ruiz, B., Yang, J., Ma, A. L., et al.
(2020). Epithelial migration and non-adhesive periderm are required for digit
separation during mammalian development. Dev. Cell 52, 764-778.e4. doi:
10.1016/j.devcel.2020.01.032

Ke, F. F. S, Vanyai, H. K., Cowan, A. D., Delbridge, A. R. D., Whitehead, L.,
Grabow, S., et al. (2018). Embryogenesis and adult life in the absence of intrinsic
apoptosis effectors BAX, BAK, and BOK. Cell 173, 1217-1230.e17. doi: 10.1016/
j.cell.2018.04.036

Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer
26, 239-257. doi: 10.1038/bjc.1972.33

Kim, J. H., Choy, H. E., Nam, K. H., and Park, S. C. (2001). Transglutaminase-
mediated crosslinking of specific core histone subunits and cellular
senescence. Ann. N. Y. Acad. Sci. 928, 65-70. doi: 10.1111/j.1749-6632.2001.
tb05636.x

Krizhanovsky, V., Yon, M., Dickins, R. A., Hearn, S., Simon, J., Miething, C.,
et al. (2008). Senescence of activated stellate cells limits liver fibrosis. Cell 134,
657-667. doi: 10.1016/j.cell.2008.06.049

Kuida, K., Zheng, T. S., Na, S., Kuan, C., Yang, D., Karasuyama, H., et al. (1996).
Decreased apoptosis in the brain and premature lethality in CPP32-deficient
mice. Nature 384, 368-372. doi: 10.1038/384368a0

Kurz, D. ], Decary, S., Hong, Y., and Erusalimski, J. D. (2000). Senescence-
associated p-galactosidase reflects an increase in lysosomal mass
during replicative ageing of human endothelial cells. J. Cell Sci. 113,
3613-3622.

Lee, B.Y.,Han,J. A,,Im, ]. S., Morrone, A., Johung, K., Goodwin, E. C,, et al. (2006).
Senescence-associated beta-galactosidase is lysosomal beta-galactosidase. Aging
Cell 5, 187-195. doi: 10.1111/j.1474-9726.2006.00199.x

Li, Y., Zhao, H., Huang, X, Tang, J., Zhang, S., Li, Y., et al. (2018). Embryonic
senescent cells re-enter cell cycle and contribute to tissues after birth. Cell Res.
28, 775-778. doi: 10.1038/s41422-018-0050-56

Lorda-Diez, C. L, Garcia-Riart, B., Montero, J. A., Rodriguez-Leén, J., Garcia-
Porrero, J. A., and Hurle, J. M. (2015). Apoptosis during embryonic tissue
remodeling is accompanied by cell senescence. Aging 7, 974-985. doi: 10.18632/
aging.100844

Lorda-Diez, C. I., Montero, J. A., Diaz-Mendoza, M. J., Garcia-Porrero, J. A.,
and Hurle, J. M. (2011). Defining the earliest transcriptional steps of
chondrogenic progenitor specification during the formation of the digits
in the embryonic limb. PLoS One 6:€24546. doi: 10.1371/journal.pone.00
24546

Lorda-Diez, C. L., Montero, J. A., Diaz-Mendoza, M. J., Garcia-Porrero, J. A.,
and Hurle, J. M. (2013). Big-h3 potentiates the profibrogenic effect of TGFf
signaling on connective tissue progenitor cells through the negative regulation
of master chondrogenic genes. Tissue Eng. Part A 19, 448-457. doi: 10.1089/ten.
TEA.2012.0188

Lorda-Diez, C. I, Solis-Mancilla, M. E., Sanchez-Fernandez, C., Garcia-
Porrero, J. A., Hurle, J. M., and Montero, J. A. (2019). Cell senescence,
apoptosis and DNA damage cooperate in the remodeling processes
accounting for heart morphogenesis. J. Anat. 234, 815-829. doi: 10.1111/joa.
12972

Lorda-Diez, C. 1., Torre-Pérez, N., Garcia-Porrero, J. A., Hurle, . M., and Montero,
J. A. (2009). Expression of Id2 in the developing limb is associated with zones
of active BMP signaling and marks the regions of growth and differentiation
of the developing digits. Int. J. Dev. Biol. 53, 1495-1502. doi: 10.1387/ijdb.
072415¢l

Mandal, R., Barrén, J. C., Kostova, I., Becker, S., and Strebhardt, K. (2020). Caspase-
8: the double-edged sword. Biochim. Biophys. Acta Rev. Cancer 1873:188357.
doi: 10.1016/j.bbcan.2020.188357

Martinez-Cué, C., and Rueda, N. (2020). Cellular senescence in neurodegenerative
diseases. Front. Cell Neurosci. 14:16. doi: 10.3389/fncel.2020.00016

McArthur, K., and Kile, B. T. (2018). Apoptotic caspases: multiple or
mistaken identities? Trends Cell Biol. 28, 475-493. doi: 10.1016/j.tcb.2018.
02.003

McCulloch, D. R,, Nelson, C. M., Dixon, L. ], Silver, D. L., Wylie, J. D., Lindner,
V., etal. (2009). ADAMTS metalloproteases generate active versican fragments

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 593761


https://doi.org/10.1002/dvdy.74
https://doi.org/10.1038/cddis.2013.322
https://doi.org/10.1038/s41556-018-0201-205
https://doi.org/10.1006/dbio.1998.9176
https://doi.org/10.1242/dev.120279
https://doi.org/10.1038/s41598-019-42040-42040
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1038/345458a0
https://doi.org/10.1016/0014-4827(65)90211-90219
https://doi.org/10.1016/0014-4827(65)90211-90219
https://doi.org/10.1083/jcb.201212110
https://doi.org/10.1083/jcb.133.5.1041
https://doi.org/10.1007/s10495-009-0452-5
https://doi.org/10.1007/s10495-009-0452-5
https://doi.org/10.1038/ncb2070
https://doi.org/10.1038/ncb2070
https://doi.org/10.1016/j.devcel.2020.01.032
https://doi.org/10.1016/j.devcel.2020.01.032
https://doi.org/10.1016/j.cell.2018.04.036
https://doi.org/10.1016/j.cell.2018.04.036
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1111/j.1749-6632.2001.tb05636.x
https://doi.org/10.1111/j.1749-6632.2001.tb05636.x
https://doi.org/10.1016/j.cell.2008.06.049
https://doi.org/10.1038/384368a0
https://doi.org/10.1111/j.1474-9726.2006.00199.x
https://doi.org/10.1038/s41422-018-0050-56
https://doi.org/10.18632/aging.100844
https://doi.org/10.18632/aging.100844
https://doi.org/10.1371/journal.pone.0024546
https://doi.org/10.1371/journal.pone.0024546
https://doi.org/10.1089/ten.TEA.2012.0188
https://doi.org/10.1089/ten.TEA.2012.0188
https://doi.org/10.1111/joa.12972
https://doi.org/10.1111/joa.12972
https://doi.org/10.1387/ijdb.072415cl
https://doi.org/10.1387/ijdb.072415cl
https://doi.org/10.1016/j.bbcan.2020.188357
https://doi.org/10.3389/fncel.2020.00016
https://doi.org/10.1016/j.tcb.2018.02.003
https://doi.org/10.1016/j.tcb.2018.02.003
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Montero et al.

Interdigital Tissue Remodeling

that regulate interdigital web regression. Dev. Cell 17, 687-698. doi: 10.1016/j.
devcel.2009.09.008

Montero, J. A., Ganan, Y., Macias, D., Rodriguez-Leon, J., Sanz-Ezquerro, J. J.,
Merino, R., et al. (2001). Role of FGFs in the control of programmed cell death
during limb development. Development 128, 2075-2084.

Montero, J. A., Lorda-Diez, C. I, Certal, A. C, Moreno, N., Rodriguez-
Leon, J., Torriglia, A. et al. (2010). Coordinated and sequential
activation of neutral and acidic DNases during interdigital cell death in
the embryonic limb. Apoptosis 15, 1197-1210. doi: 10.1007/s10495-01
0-0523-527

Montero, J. A., Lorda-Diez, C. I, Sanchez-Fernandez, C., and Hurle, J. M. (2020).
Cell death in the developing vertebrate limb: a locally regulated mechanism
contributing to musculoskeletal tissue morphogenesis and differentiation. Dev.
Dyn. 14:dvdy.237. doi: 10.1002/dvdy.237

Montero, J. A., Sanchez-Fernandez, C., Lorda-Diez, C. I., Garcia-Porrero, J. A.,
and Hurle, J. M. (2016). DNA damage precedes apoptosis during the regression
of the interdigital tissue in vertebrate embryos. Sci. Rep. 6:35478. doi: 10.1038/
srep35478

Mufoz-Espin, D., Caflamero, M., Maraver, A., Gémez-Lopez, G., Contreras,
J., Murillo-Cuesta, S., et al. (2013). Programmed cell senescence during
mammalian embryonic development. Cell 155, 1104-1118. doi: 10.1016/j.cell.
2013.10.019

Muioz-Espin, D., and Serrano, M. (2014). Cellular senescence: from physiology to
pathology. Nat. Rev. Mol. Cell Biol. 15, 482-496. doi: 10.1038/nrm3823

Nagata, S., Nagase, H., Kawane, K., Mukae, N., and Fukuyama, H. (2003).
Degradation of chromosomal DNA during apoptosis. Cell Death. Differ. 10,
108-116. doi: 10.1038/sj.cdd.4401161

Novack, D. V., and Korsmeyer, S. J. (1994). Bcl-2 protein expression during murine
development. Am. J. Pathol. 145, 61-73.

Peter, M. E., Heufelder, A. E., and Hengartner, M. O. (1997). Advances in apoptosis
research. Proc. Natl. Acad. Sci. U.S.A. 94, 12736-12737. doi: 10.1073/pnas.94.24.
12736

Roth, W., Deussing, J., Botchkarev, V. A., Pauly-Evers, M., Saftig, P., Hafner,
A., et al. (2000). Cathepsin L deficiency as molecular defect of furless:
hyperproliferation of keratinocytes and pertubation of hair follicle cycling.
FASEB J. 14, 2075-2086. doi: 10.1096/1j.99-0970com

Saftig, P., Hetman, M., Schmahl, W., Weber, K., Heine, L., Mossmann, H.,
et al. (1995). Mice deficient for the lysosomal proteinase cathepsin D exhibit
progressive atrophy of the intestinal mucosa and profound destruction
of lymphoid cells. EMBO J. 14, 3599-3608. doi: 10.1002/j.1460-2075.1995.
tb00029.x

Salas-Vidal, E., Lomeli, H., Castro-Obregén, S., Cuervo, R., Escalante-Alcalde, D.,
and Covarrubias, L. (1998). Reactive oxygen species participate in the control
of mouse embryonic cell death. Exp. Cell Res. 238, 136-147. doi: 10.1006/excr.
1997.3828

Salzgeber, B., and Weber, R. (1966). The regression of the mesonephros in
the chick embryo. A study of acid phosphatase and catepsin activity.
Biochemical, histochemical, and electron microscopic observations. J. Embryol.
Exp. Morphol. 15, 397-419.

Sanchez-Fernandez, C., Lorda-Diez, C. L., Garcia-Porrero, J. A., Montero, J. A.,
and Hurlé, J. M. (2019). UHRF genes regulate programmed interdigital tissue
regression and chondrogenesis in the embryonic limb. Cell Death Dis. 10:347.
doi: 10.1038/s41419-019-1575-1574

Sanchez-Fernandez, C., Lorda-Diez, C. 1., Hurle, J. M., and Montero, J. A. (2020).
The methylation status of the embryonic limb skeletal progenitors determines
their cell fate in chicken. Commun. Biol. 3:283. doi: 10.1038/s42003-020-1012-
1013

Saunders, J. W. Jr. (1966). Death in embryonic systems. Science 154, 604-612.
doi: 10.1126/science.154.3749.604

Sessler, T., Healy, S., Samali, A., and Szegezdi, E. (2013). Structural determinants
of DISC function: new insights into death receptor-mediated apoptosis
signalling. Pharmacol. Ther. 140, 186-199. doi: 10.1016/j.pharmthera.2013.
06.009

Shimizu, S., Kanaseki, T., Mizushima, N., Mizuta, T., Arakawa-Kobayashi, S.,
Thompson, C. B., et al. (2004). Role of Bcl-2 family proteins in a non-apoptotic
programmed cell death dependent on autophagy genes. Nat. Cell Biol. 6,
1221-1228. doi: 10.1038/ncb1192

Shin, H. R,, and Zoncu, R. (2020). The lysosome at the intersection of cellular
growth and destruction. Dev. Cell 54, 226-238. doi: 10.1016/j.devcel.2020.
06.010

Storer, M., Mas, A., Robert-Moreno, A., Pecoraro, M., Ortells, M. C., Di Giacomo,
V., et al. (2013). Senescence is a developmental mechanism that contributes to
embryonic growth and patterning. Cell 155, 1119-1130. doi: 10.1016/j.cell.2013.
10.041

Svandova, E. B., Vesela, B., Lesot, H., Poliard, A., and Matalova, E. (2017).
Expression of Fas, FasL, caspase-8 and other factors of the extrinsic apoptotic
pathway during the onset of interdigital tissue elimination. Histochem. Cell Biol.
147, 497-510. doi: 10.1007/s00418-016-1508-1506

Thomadzy, V. A., and Davies, P. J. (1999). Expression of tissue transglutaminase
in the developing chicken limb is associated both with apoptosis and
endochondral ossification. Cell Death Differ. 6, 146-154. doi: 10.1038/sj.cdd.
4400464

Tokita, M., Hiroya, I., Matsushita, H., and Asakura, Y. (2020). Developmental
mechanisms underlying webbed foot morphological diversity in waterbirds. Sci.
Rep. 10:8028. doi: 10.1038/s41598-020-64786-64788

Tone, S., and Tanaka, S. (1997). Analysis of relationship between programmed cell
death and cell cycle in limb-bud. Horm. Res. 48(Suppl. 3), 5-10. doi: 10.1159/
000191293

Tonnessen-Murray, C. A., Frey, W. D., Rao, S. G., Shahbandi, A., Ungerleider,
N. A, Olayiwola, J. O., et al. (2019). Chemotherapy-induced senescent cancer
cells engulf other cells to enhance their survival. J. Cell Biol. 218, 3827-3844.
doi: 10.1083/jcb.201904051

Tuzlak, S., Kaufmann, T., and Villunger, A. (2016). Interrogating the relevance
of mitochondrial apoptosis for vertebrate development and postnatal tissue
homeostasis. Genes Dev. 30, 2133-2151. doi: 10.1101/gad.289298.116

Varela-Nieto, I, Palmero, I, and Magarifios, M. (2019). Complementary and
distinct roles of autophagy, apoptosis and senescence during early inner ear
development. Hear. Res. 376, 86-96. doi: 10.1016/j.heares.2019.01.014

Varfolomeev, E. E., Schuchmann, M., Luria, V., Chiannilkulchai, N., Beckmann,
J. S., Mett, I. L., et al. (1998). Targeted disruption of the mouse Caspase 8 gene
ablates cell death induction by the TNF receptors, Fas/Apol, and DR3 and
is lethal prenatally. Immunity 9, 267-276. doi: 10.1016/s1074-7613(00)80609-
80603

Vasey, D. B., Wolf, C. R,, Brown, K., and Whitelaw, C. B. (2011). Spatial p21
expression profile in the mid-term mouse embryo. Transgenic Res. 20, 23-28.
doi: 10.1007/s11248-010-9385-6

Voss, A. K., and Strasser, A. (2020). The essentials of developmental apoptosis.
F1000Research 9:F1000FacultyRev-148. doi: 10.12688/f1000research.21571.1

Wang, J., Zheng, L., Lobito, A., Chan, F. K., Dale, J., Sneller, M., et al. (1999).
Inherited human Caspase 10 mutations underlie defective lymphocyte and
dendritic cell apoptosis in autoimmune lymphoproliferative syndrome type II.
Cell 98, 47-58. doi: 10.1016/S0092-8674(00)80605-80604

Weatherbee, S. D., Behringer, R. R., Rasweiler, J. J. IV, and Niswander, L. A.
(2006). Interdigital webbing retention in bat wings illustrates genetic changes
underlying amniote limb diversification. Proc. Natl. Acad. Sci. U.S.A. 103,
15103-15107. doi: 10.1073/pnas.0604934103

Weijer, C. J., David, C. N., and Sternfeld, J. (1987). Vital staining methods used in
the analysis of cell sorting in Dictyostelium discoideum. Methods Cell Biol. 28,
449-459. doi: 10.1016/S0091-679X(08)61662-3

Wood, W., Turmaine, M., Weber, R., Camp, V., Maki, R. A., McKercher,
S. R, et al. (2000). Mesenchymal cells engulf and clear apoptotic footplate
cells in macrophageless PU.1 null mouse embryos. Development 127,
5245-5252.

Wride, M. A, Lapchak, P. H., and Sanders, E. J. (1994). Distribution of TNF alpha-
like proteins correlates with some regions of programmed cell death in the chick
embryo. Int. J. Dev. Biol. 38, 673-682.

Wryllie, A. H. (1980). Glucocoticoid-induced thymocyte apoptosis is associated
with endogenous endonuclease activation. Nature 284, 555-556. doi: 10.1038/
284555a0

Yoshida, H., Kong, Y. Y., Yoshida, R,, Elia, A. J., Hakem, A., Hakem, R, et al.
(1998). Apafl is required for mitochondrial pathways of apoptosis and brain
development. Cell 94, 739-750. doi: 10.1016/s0092-8674(00)81733-x

Young, A. R, Narita, M., Ferreira, M. Kirschner, K. Sadaie, M.,
Darot, J. F, et al (2009). Autophagy mediates the mitotic

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 593761


https://doi.org/10.1016/j.devcel.2009.09.008
https://doi.org/10.1016/j.devcel.2009.09.008
https://doi.org/10.1007/s10495-010-0523-527
https://doi.org/10.1007/s10495-010-0523-527
https://doi.org/10.1002/dvdy.237
https://doi.org/10.1038/srep35478
https://doi.org/10.1038/srep35478
https://doi.org/10.1016/j.cell.2013.10.019
https://doi.org/10.1016/j.cell.2013.10.019
https://doi.org/10.1038/nrm3823
https://doi.org/10.1038/sj.cdd.4401161
https://doi.org/10.1073/pnas.94.24.12736
https://doi.org/10.1073/pnas.94.24.12736
https://doi.org/10.1096/fj.99-0970com
https://doi.org/10.1002/j.1460-2075.1995.tb00029.x
https://doi.org/10.1002/j.1460-2075.1995.tb00029.x
https://doi.org/10.1006/excr.1997.3828
https://doi.org/10.1006/excr.1997.3828
https://doi.org/10.1038/s41419-019-1575-1574
https://doi.org/10.1038/s42003-020-1012-1013
https://doi.org/10.1038/s42003-020-1012-1013
https://doi.org/10.1126/science.154.3749.604
https://doi.org/10.1016/j.pharmthera.2013.06.009
https://doi.org/10.1016/j.pharmthera.2013.06.009
https://doi.org/10.1038/ncb1192
https://doi.org/10.1016/j.devcel.2020.06.010
https://doi.org/10.1016/j.devcel.2020.06.010
https://doi.org/10.1016/j.cell.2013.10.041
https://doi.org/10.1016/j.cell.2013.10.041
https://doi.org/10.1007/s00418-016-1508-1506
https://doi.org/10.1038/sj.cdd.4400464
https://doi.org/10.1038/sj.cdd.4400464
https://doi.org/10.1038/s41598-020-64786-64788
https://doi.org/10.1159/000191293
https://doi.org/10.1159/000191293
https://doi.org/10.1083/jcb.201904051
https://doi.org/10.1101/gad.289298.116
https://doi.org/10.1016/j.heares.2019.01.014
https://doi.org/10.1016/s1074-7613(00)80609-80603
https://doi.org/10.1016/s1074-7613(00)80609-80603
https://doi.org/10.1007/s11248-010-9385-6
https://doi.org/10.12688/f1000research.21571.1
https://doi.org/10.1016/S0092-8674(00)80605-80604
https://doi.org/10.1073/pnas.0604934103
https://doi.org/10.1016/S0091-679X(08)61662-3
https://doi.org/10.1038/284555a0
https://doi.org/10.1038/284555a0
https://doi.org/10.1016/s0092-8674(00)81733-x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Montero et al.

Interdigital Tissue Remodeling

senescence transition. Genes Dev. 23, 798-803. doi: 10.1101/gad.
519709

Zheng, T. S., Hunot, S., Kuida, K., and Flavell, R. A. (1999). Caspase knockouts:
matters of life and death. Cell Death Differ. 6, 1043-1053. doi: 10.1038/sj.cdd

Zucker, R. M., and Rogers, J. M. (2019). Confocal laser scanning microscopy of
morphology and apoptosis in organogenesis-stage mouse embryos. Methods
Mol. Biol. 1965, 297-311.

Zuzarte-Luis, V., Berciano, M. T., Lafarga, M., and Hurl¢, J. M. (2006).
Caspase redundancy and release of mitochondrial apoptotic factors characterize
interdigital apoptosis. Apoptosis 11, 701-715. doi: 10.1007/s10495-006-5481-
5488

Zuzarte-Luis, V., Montero, J. A, Kawakami, Y., Izpisua-Belmonte,

J. C, and Hurle, J. M. (2007). Lysosomal cathepsins in embryonic

programmed cell death. Dev. Biol. 301, 205-217. doi: 10.1016/j.ydbio.2006.
08.008

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Montero, Lorda-Diez and Hurle. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

34

October 2020 | Volume 8 | Article 593761


https://doi.org/10.1101/gad.519709
https://doi.org/10.1101/gad.519709
https://doi.org/10.1038/sj.cdd
https://doi.org/10.1007/s10495-006-5481-5488
https://doi.org/10.1007/s10495-006-5481-5488
https://doi.org/10.1016/j.ydbio.2006.08.008
https://doi.org/10.1016/j.ydbio.2006.08.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

1' frontiers

in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 27 October 2020
doi: 10.3389/fcell.2020.558432

OPEN ACCESS

Edited by:
Wolfgang Knabe,
Universitat Mtnster, Germany

Reviewed by:

C. Marcelo Aldaz,

The University of Texas MD Anderson
Cancer Center, United States
Wen-Hui Lien,

Catholic University of Louvain,
Belgium

*Correspondence:
Li-din Hsu
ljin.hsu@gmail.com;
ljhsu@mail.ncku.edu.tw

Specialty section:

This article was submitted to

Cell Death and Survival,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 02 May 2020
Accepted: 09 October 2020
Published: 27 October 2020

Citation:

Chou Y-T, Lai F-J, Chang N-S and
Hsu L-J (2020) Wwox Deficiency
Causes Downregulation of Prosurvival
ERK Signaling and Abnormal
Homeostatic Responses in Mouse
Skin. Front. Cell Dev. Biol. 8:558432.
doi: 10.3389/fcell.2020.558432

Wwox Deficiency Causes
Downregulation of Prosurvival ERK
Signaling and Abnormal Homeostatic
Responses in Mouse Skin

Ying-Tsen Chou’, Feng-Jie Lai?3, Nan-Shan Chang*® and Li-Jin Hsu"¢*

" Institute of Basic Medical Sciences, College of Medicine, National Cheng Kung University, Tainan, Taiwan, 2 Department
of Dermatology, Chimei Medical Center, Tainan, Taiwan, ® Center for General Education, Southern Taiwan University

of Science and Technology, Tainan, Taiwan, * Institute of Molecular Medicine, College of Medicine, National Cheng Kung
University, Tainan, Taiwan, ° Graduate Institute of Biomedical Sciences, College of Medicine, China Medical University,
Taichung, Taiwan, ° Department of Medical Laboratory Science and Biotechnology, College of Medicine, National Cheng
Kung University, Tainan, Taiwan

Deficiency of tumor suppressor WW domain-containing oxidoreductase (WWOX) in
humans and animals leads to growth retardation and premature death during postnatal
developmental stages. Skin integrity is essential for organism survival due to its
protection against dehydration and hypothermia. Our previous report demonstrated
that human epidermal suprabasal cells express WWOX protein, and the expression is
gradually increased toward the superficial differentiated cells prior to cornification. Here,
we investigated whether abnormal skin development and homeostasis occur under
Wwox deficiency that may correlate with early death. We determined that keratinocyte
proliferation and differentiation were decreased, while apoptosis was increased in
Wiwox~/~ mouse epidermis and primary keratinocyte cultures and WWOX-knockdown
human HaCaT cells. Without WWOX, progenitor cells in hair follicle junctional zone
underwent massive proliferation in early postnatal developmental stages and the
stem/progenitor cell pools were depleted at postnatal day 21. These events lead
to significantly decreased epidermal thickness, dehydration state, and delayed hair
development in Wwox—/~ mouse skin, which is associated with downregulation of
prosurvival MEK/ERK signaling in Wwox~/~ keratinocytes. Moreover, Wwox depletion
results in substantial downregulation of dermal collagen contents in mice. Notably,
Wwox~/~ mice exhibit severe loss of subcutaneous adipose tissue and significant
hypothermia. Collectively, our knockout mouse model supports the validity of WWOX in
assisting epidermal and adipose homeostasis, and the involvement of prosurvival ERK
pathway in the homeostatic responses regulated by WWOX.

Keywords: WWOX, tumor suppressor, keratinocyte proliferation, keratinocyte differentiation, stem cells,
adipocytes

INTRODUCTION

WW domain-containing oxidoreductase (WWOX) has been initially known as a proapoptotic
tumor suppressor (Chang et al., 2007; Lo et al., 2015; Schrock and Huebner, 2015). WWOX loss
promotes tumor growth and cancer progression through allowing metastatic cancer cells to survive
in WWOX-positive normal microenvironment (Chou et al.,, 2019a,b). Expression of WWOX
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protein is essential for cell apoptosis induced by anti-cancer
agents, UV irradiation, genotoxic stress, or ectopic p53 (Chang
et al., 2003, 2005a; Abu-Remaileh et al., 2015; Chen et al.,
2015; Janczar et al., 2017; Huang and Chang, 2018). Recently,
WWOX gene has also been considered as a risk factor for human
Alzheimer’s disease (Kunkle et al., 2019). Ser14 phosphorylation
and accumulation of WWOX protein in the brain contribute to
the Alzheimer’s memory loss in mice (Chang et al., 2015; Lee et al.,
2017). WWOX also controls many biological functions, including
bubbling cell death and genomic stability (Abu-Remaileh et al.,
2015; Chen et al., 2015), suggesting that WWOX plays an
important role in normal cellular/physiological homeostasis
maintenance. Moreover, the first WW domain of WWOX
participates in protein-protein interactions in multiple signaling
pathways (Abu-Odeh et al., 2014; Liu et al,, 2018; Saigo et al,,
2018). Crosstalk of WWOX with many signal pathways also
implies the involvement of WWOX in development and stemness
maintenance (Chen et al., 2019).

Human newborns carrying homozygous mutations or
deletions of WWOX gene exhibit growth retardation, severe
neurological disorders, and early death (Abdel-Salam et al.,
2014; Mallaret et al., 2014; Valduga et al., 2015). Wwox knockout
(Wwox~/~) mice display similar symptoms and die within
4 weeks after birth (Aqgeilan et al., 2007; Ludes-Meyers et al.,
2009). Previous studies have demonstrated that lipid metabolism,
steroidogenesis, bone development and metabolism, and central
nervous system are defective in Wwox~/~ mice (Aqeilan et al.,
2008; Ageilan et al., 2009; Hussain et al., 2019; Cheng et al,
2020). The deficits in whole-body Wwox knockout mice may
recapitulate the crucial clinical features of human pathological
conditions (Cheng et al., 2020). However, the main cause leading
to early death of WWOX-deficient newborns is still unclear.
WWOX protein is abundant in many types of human epithelial
tissues (Nunez et al., 2006). Mice carrying conditional depletion
of Wwox in basal epithelial cells under the control of keratin-5
(K5) promoter also die prematurely for unknown reasons
(Ferguson et al., 2012), suggesting a vital role of WWOX in
regulating proper epithelial functions and survival.

In normal human skin, WWOX protein is expressed in the
innermost proliferative basal layer of epidermal keratinocytes and
hair follicles (HFs), and its protein expression pattern displays an
upregulation in a gradient toward outer differentiated suprabasal
layers (Lai et al., 2005; Nunez et al., 2006). The maintenance
of epidermal homeostasis depends on the coordination of basal
cell proliferative capacity and basal-to-suprabasal differentiation
processes. This phenomenon ensures epidermal barrier functions
to protect the body from UV irradiation, pathogen infection
and uncontrolled water loss for survival. The HFs, developed
through the downward growth of epidermal basal keratinocytes
into the dermis, contribute to thermoregulation. The maturation
and regeneration of HFs largely rely on the self-renewal capacity
of HF stem cells (HFSCs) and progenitors. Along with the
epidermal stem cells, HFSCs are also crucial for epidermal self-
renewal and homeostasis maintenance (Blanpain and Fuchs,
2009; Yi and Fuchs, 2010). Our previous study showed that
WWOX is essential for UV-induced apoptosis in human HaCaT
keratinocytes and squamous cell carcinoma cells (Lai et al., 2005).

However, whether WWOX controls epidermal homeostasis and
hair growth remains largely unclear. Moreover, the subcutaneous
fat is involved in hair growth regulation and serves as a thermal
insulator to prevent heat loss and maintain body temperature
(Alexander et al., 2015). Body temperature reduction is a marker
for imminent death in aging or microbial infection of mice
(Ray et al., 2010; Gavin and Satchell, 2017). It has been shown
that Wwox~/~ mice exhibit lower serum lipid levels (Ageilan
et al., 2009). Notably, the influence of WWOX deficiency on the
homeostasis of subcutaneous fat and body temperature remains
to be investigated.

In this study, we showed that Wwox depletion in mice
caused decreased proliferation and differentiation but increased
apoptosis in keratinocytes. In addition, epidermal and HF
stem cell numbers were reduced in Wwox~/~ mice. The
dysregulations were partly due to decreased prosurvival
extracellular signal-regulated kinase (ERK) signaling in
Wwox~/~ keratinocytes. Strikingly, Wwox™/~ mice lost
more than 95% of the subcutaneous fat layer in dermal tissues.
Collectively, Wwox~/~ mice display aberrant epidermal
functions, delayed hair morphogenesis and hypothermia, which
may partly contribute to the life-threatening conditions in
pre-weaning mice.

MATERIALS AND METHODS

Animals and Cell Culture

Whole-body Wwox gene knockout mice were generated as
described previously (Tsai et al, 2013; Cheng et al, 2020).
This study was carried out in accordance with the approved
protocols for animal use from the Institutional Animal Care and
Use Committee of National Cheng Kung University. Human
HaCaT cell line was maintained in Dulbecco’s Modified Eagle’s
Medium (GE-Hyclone, Logan, UT, United States) supplemented
with 10% fetal bovine serum (FBS). HaCaT cells were cultured in
keratinocyte serum-free medium or EpiLife medium containing
30 or 60 M calcium ion, respectively, with the supplementation
of human keratinocyte growth supplements (Life Technologies,
Carlsbad, CA, United States) for reversion to a basal cell
phenotype before differentiation induction. For differentiation
and stratification induction, 1 x 10° cells were seeded in a 10-
cm dish for 48 h and 2 mM calcium chloride was added to the
cells. Primary keratinocytes were isolated and cultured according
to a previous protocol (Jensen et al., 2010). Briefly, mouse skin
was collected, and the connective tissue and subcutaneous fat
were scraped-off. Skin tissues were then placed in 8 ml of
dispase solution (BD biosciences) at 4°C for 6 h and/or 0.25%
trypsin (Gibco) at 37°C for 2.5~3 h with epithelium facing
up. The disassociated skin epithelium was separated from the
dermis, and the cells were further digested with 0.25% trypsin.
After wash, the cells were then passed through a 40-pm cell
strainer to remove debris or clumps. The isolated primary
keratinocytes were cultured in keratinocyte growth medium (Cell
Applications, Inc., San Diego, CA, United States) supplemented
with 10% FBS overnight. The medium was replaced with
serum-free keratinocyte growth medium fully supplemented with
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keratinocyte growth factors and antibiotics (Cat. No. 131-500;
Cell Applications, Inc.) on the next day. All cells were maintained
at 37°Cin 5% CO,.

Histological, Collagen, and Nile Red
Staining

Mouse skin tissues were fixed in 10% formalin/PBS and
embedded in paraffin. Four-pm sections were deparaffinized in
xylene, rehydrated in serial concentrations of ethanol (100, 95,
80, and 70%), and then stained with hematoxylin and eosin
(H&E) solutions. For detecting collagen fibers, tissue sections
were stained with hematoxylin, followed by a Sirius red solution
(0.1% Sirius red in saturated aqueous solution of picric acid) for
1 h. For detecting intracellular lipid droplets, tissue sections were
embedded using an OCT compound (Sakura, Tokyo, Japan).
Nile red solution was prepared as described previously (Chou
et al., 2005). Ten-wm frozen skin tissue sections were stained
in Nile red solution for 10 min in dark, and then treated
with 4% potassium hydroxide subsequently. Lipid droplets in
skin tissues were examined under a fluorescence microscope
(Olympus, Tokyo, Japan).

Immunohistochemical and
Immunofluorescent Staining and
Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labeling (TUNEL) Assay

Paraffin-embedded skin tissue sections were deparaffinized in
xylene and rehydrated in serial concentrations of ethanol.
Antigen retrieval was performed using microwave for 25 min
in 10 mM citric buffer (pH = 6.0). For CD34 staining, skin
tissues were embedded in an OCT compound (Sakura, Tokyo,
Japan). The frozen tissue sections were air-dry, washed with
distilled water and fixed in 10% formalin/PBS for 10 min at room
temperature. For immunohistochemical staining, endogenous
peroxidase was quenched using 3% H,O;. After blocking in
a solution containing 1% bovine serum albumin and 0.1%
saponin for 30 min at room temperature, the tissue sections were
incubated in the primary antibody solution at 4°C overnight.
For loricrin, fatty acid binding protein 4 (FABP4), CD34 and
keratin 15 (K15) staining, the sections were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody
(Cell Signaling, Danvers, MA, United States) for 1 h at room
temperature. For Ki67 staining, a polymeric HRP-conjugated
secondary antibody (Novolink Polymer, Leica Biosystems,
Newcastle upon Tyne, United Kingdom) and AEC substrate
solution (DAKO, Carpinteria, CA, United States) were used.
For ERK1/2, Thr202/Tyr204-phosphorylated ERK (pERK) and
K15 staining, a polymer detection system (REAL EnVision,
DAKO, Carpinteria, CA, United States) was used according to the
manufacturer’s instructions. The staining results were examined
under a light microscope (Olympus BX51, Tokyo, Japan).

For immunofluorescence staining, tissue sections were
incubated with primary antibody solution at 4°C overnight, and
then with an Alexa 488- or Alexa 594-conjugated secondary
antibody (Invitrogen) for 1 h at room temperature. TUNEL
assay was performed according to the manufacturer’s instructions

(Millipore, Temecula, CA, United States). For staining the
nuclei, tissue sections were incubated with a 4’,6-diamidino-2-
phenylindole (DAPI) staining solution at room temperature for
5 min. The tissue samples were visualized under a fluorescence
microscope (Olympus BX61, Tokyo, Japan) or a laser-scanning
confocal microscope (Olympus FV1000, Tokyo, Japan).

Toluidine Blue Staining and Transmission

Electron Microscopy

Mouse skin tissues were fixed in 4% glutaraldehyde/0.1M
cacodylate buffer (pH 7.4) at 4°C overnight. After post-fixation
using 1% OsOy, samples were dehydrated and embedded in resin
(Embed 812, EMS). Semithin sections (0.5 jwm) were stained
with 1% toluidine blue/2% sodium borate for 2 min, washed
with distilled water and examine under a light microscope
(Olympus BX51, Tokyo, Japan). Ultrathin sections (90 nm) were
prepared, stained with 2% uranyl acetate for 20 min and 4% lead
citrate for 3 min, and examined under a transmission electron
microscope (JEOL JEM-1200EX, Tokyo, Japan) as described
previously (Cheng et al., 2020).

Western Blot

Cellular protein extracts were prepared using a lysis buffer
containing 1% Nonidet P-40, 0.5% Tween 20, 0.1% SDS,
10 mM NayP,07, 10 mM Na3zVOy, 10 mM NaFE and 1:20
dilution of protease inhibitor cocktail (Sigma, St. Louis, MO,
United States) in PBS. To generate tissue protein extracts, a tissue
homogenizer TissueLyser was used (Thermo Fisher Scientific).
Proteins were quantified using a Bradford protein assay kit
(Bio-Rad). Equal amounts of proteins were heated at 95°C
in a sample buffer (250 mM Tris-HCl pH = 6.8, 500 mM
dithiothreitol, 10% SDS, 0.1% bromophenol blue, 50% glycerol)
for 10 min, and SDS-PAGE performed for protein separation
(Tsai et al., 2013). The proteins were transferred to a piece
of polyvinylidene difluoride membrane. After blocking with a
skim milk-containing buffer, the membrane was hybridized with
an indicated primary antibody in the blocking solution at 4°C
overnight. After wash, HRP-conjugated secondary antibody was
used (Cell signaling, Danvers, MA, United States) for probing.
An enhanced chemiluminescence assay kit (Millipore) was used
for protein detection.

Flow Cytometric Analysis

For propidium iodide (PI) staining, cells were fixed in a 70%
ethanol/PBS solution, followed by staining in a PI staining
solution (40 pg/ml PI and 100 pg/ml RNase in PBS) at room
temperature for 30 min. For 5-bromo-2’-deoxyuridine (BrdU)
staining, primary keratinocytes were fixed in a cytofix/cytoperm
solution (BD) overnight and stained using a BrdU staining
kit according to the manufacture’s instructions (BD). The
fluorescence intensity was determined using a FACScalibur (BD),
and data analyzed using BD CellQuest Pro software.

Antibodies
The antibodies used in this study were as follows: K5
(1:1000, Covance #PRB-160P), keratin 10 (K10) for
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immunohistochemistry (1:100, Covance #MS-159), K10 for
western blot (1:10000, Abcam #ab76318), K15 (1:100, Thermo
Fisher Scientific #MS-1068; 1:50, Santa Cruz #sc-47697),
loricrin (1:1000, Covance #PRB-145P), Ki67 (1:150, DAKO
#M7249), p63 (1:50, Santa Cruz #sc-8431), E-cadherin (1:40, Cell
Signaling #3195), ERK1/2 (1:50, Santa Cruz #sc-514302), p-ERK
(Thr202/Tyr204, 1:200, Cell Signaling #4370), CD34 (1:50,
eBioscience #14-0341-82) and FABP4 (1:200, Abcam #ab13979).
For detecting WWOX expression, an anti-WWOX antibody
recognizing both human and mouse proteins was used (Chang
et al., 2001, 2005b).

Skin Hydration State and Body

Temperature Measurement

Skin hydration state was measured on shaved mouse dorsal
skin using the MPA 5 system equipped with a Corneometer
825 probe (Courage + Khazaka electronic GmbH, Cologne,
Germany). For measuring transepidermal water loss, mouse
dorsal skin was shaved using hair removal cream, and the MPA
5 system equipped with a Tewameter TM300 probe was used
(Courage + Khazaka electronic GmbH). Body temperature was
determined on the shaved mouse dorsal skin surface using fiber-
optic temperature sensors (Neoptix/Reflex signal conditioner,
Quebec City, QC, Canada).

Statistical Analysis and Quantification
Analysis

Statistical analysis was performed using Prism 6 software
(GraphPad Software, San Diego, CA, United States). The
measurements of epidermal thickness, dermal thickness, hair
length, and hair width were performed using Image-Pro
Plus 6 (Media Cybernetics, Rockville, MD, United States).
Mean fluorescence and red color intensities on mouse
skin surface were analyzed using Image] software (Wayne
Rasband, National Institutes of Health). Quantitative analysis
of immunohistochemical staining was performed using Image]
plugin IHC Profiler (Varghese et al., 2014).

RESULTS

Wwox Loss Results in Reduced

Epidermal Integrity

To investigate whether WWOX deficiency affects skin
development, homeostasis and functions, whole-body knockout
mouse models for Wwox gene were used in this study (Cheng
et al,, 2020). The absence of WWOX protein expression in
Wwox~/~ mouse skin was verified (Figure 1A). Wwox~/~
mouse skin exhibited morphological abnormalities (Figure 1B).
However, tumors or severe clinical cutaneous disorders, such as
blisters, were not developed (Figure 1B). When assessing the skin
barrier function, we did not find increased transepidermal water
loss in Wwox ™/~ mice as the lipid layer was still maintained on
the Wwox~/~ epidermal surface (Supplementary Figure S1).
However, the hydration levels of Wwox~/~ epidermis were
significantly reduced (Figure 1C). The Wwox~/~ epidermal

thickness was also significantly decreased at postnatal day (P) 21
(Figures 1B,D). These results suggest that WWOX is required
for maintenance of normal epidermal function and homeostasis.

Wwox Is Associated With Keratinocyte
Differentiation and Stratification

The multilayered structure of epidermis is established and
maintained by the stepwise keratinocyte differentiation and
stratification processes (Blanpain and Fuchs, 2009). Proper
epidermal terminal differentiation is also required for skin
hydration maintenance. Therefore, the consequences of WWOX
deficiency on epidermal differentiation were investigated. By
immunofluorescent staining, less K10T cells and K5TK10™
early differentiating progenitors were examined in Wwox™/~
epidermis (Figures 2A-C). The numbers of loricrin-positive cells
that represent late-differentiated keratinocytes were decreased
in a majority of Wwox~/~ mice (Supplementary Figure S2A).
However, there were no statistical differences between wild-
type and knockout mice due to Wwox~/~ epidermal atrophy
(Supplementary Figure S2B). As shown in Supplementary
Figure S2A, loricrin was distributed loosely in Wwox™/~
epidermal tissues. Moreover, the amount of keratohyalin
granules and their fusion with the cell membrane were
reduced in Wwox~/~ epidermal keratinocytes, indicating
defective keratinocyte terminal differentiation in Wwox™/~
epidermis (Figure 2D).

To confirm whether WWOX is required for keratinocyte
differentiation and stratification, in vitro culture of human
HaCaT keratinocytes in serum-free keratinocyte medium was
also tested (Deyrieux and Wilson, 2007). The addition of CaZt
to subconfluent HaCaT cell culture has been shown to induce
cell-cell association as well as keratinocyte differentiation and
stratification (Hennings et al., 1980; Poumay and Pittelkow,
1995; Deyrieux and Wilson, 2007). WWOX protein expression
was increased by Ca?™ treatment in HaCaT cells in a time-
dependent manner (Figure 2E). Lentivirus-mediated knockdown
of WWOX protein expression in HaCaT cells suppressed
Ca’*-induced expression of keratinocyte differentiation marker
K10 (Figure 2F). Upon Ca’*-induced differentiation and
stratification, control cells became cuboidal and formed cell-cell
junctions at day 1 (red arrow; Figure 2G). In contrast, the cell
boundaries between adjacent WWOX-knockdown cells were less
clear after in vitro culture for 1 day (black arrow; Figure 2G).
Moreover, the control cells formed many stratification domes
(piled-up cell clusters) after treatment of Ca®* for 6 days, while
much fewer stratification domes were observed in WWOX-
knockdown cells (yellow arrows; Figures 2G,H). Together,
these results suggest that WWOX is required for keratinocyte
differentiation and stratification.

WWOX Loss Leads to Reduced
Proliferation and Survival in

Keratinocytes

The establishment and maintenance of epidermal multi-
differentiated structure are highly dependent on the basal
cell proliferative capacities (Blanpain and Fuchs, 2009). As
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FIGURE 1 | Wwox knockout leads to reduced epidermal integrity. (A) Western blot analysis for WWOX protein expression in Wwox*/*, Wwoxt/~, and Wwox—/~
mouse skin at P21. B-Actin was used as a loading control. (B) H&E staining results of Wwox*/*, Wwox*/~, and Wiwox—/~ mouse skin tissue sections at P21. Scale
bar = 100 pm. The lower panels are enlarged images from the boxed areas in the upper panels. (C) Mouse skin hydration status at ~3-week-old (Wwox*/*, n = 8;
Wwox™/=, n =7; Wwox~/—, n = 5). (D) Measurement of mouse epidermal thickness (n = 3). Data are presented as mean =+ standard error of the mean (SEM). No
animals were excluded from the analysis and no randomization was used in this study. One-way ANOVA and post hoc Tukey tests were performed for statistical

basal keratinocytes express WWOX protein (Nunez et al,
2006), keratinocyte proliferation and cell growth under Wwox
deficiency were examined. We determined that Wwox™/~
mouse epidermis had significantly decreased Ki67-positive
keratinocytes at P20 (Figures 3A,B). In primary Wwox™/~
mouse epidermal keratinocyte cultures, the cell numbers were
significantly reduced as compared with the control group after
in vitro culture for 3 days (Figure 3C). A decreased incorporation
of BrdU into Wwox~/~ primary keratinocytes was also observed,
indicating the reduction of proliferative activities in these cells
(Figures 3D,E). PI staining for cell cycle analysis revealed that the
percentages of Wwox ™/~ primary keratinocytes in S and G2/M
phases at day 3 were also reduced (Supplementary Figure S3).
The role of WWOX in regulating keratinocyte growth was

also confirmed using HaCaT cells. In comparison with control
cells, WWOX knockdown resulted in significant suppression of
HaCaT cell growth (Figure 3F).

We assessed whether the decreased epidermal thickness in
Wwox~/~ mouse skin occurs as a result of increased cell
death. Cell cycle analysis using flow cytometry revealed a higher
percentage of Wwox~/~ mouse primary keratinocytes in sub GO
phase than the control, suggesting that Wwox~/~ keratinocytes
tend to undergo apoptosis (Supplementary Figure S3). TUNEL
assay further confirmed the higher percentage of apoptotic
cells in Wwox~/~ mouse epidermis than that of the wild-type
control at P21 (1.77% in knock-out and 0.77% in wild-type)
(Supplementary Figures S4A,B), suggesting that epidermal cell
apoptosis is facilitated by WWOX loss.
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FIGURE 2 | WWOX loss leads to defective keratinocyte differentiation and stratification. (A) Immunofluorescence staining of Wwox*/+, Wwox*/~, and Wwox—/~
mouse tissue sections for the expression of K5 (red) and K10 (green). DAPI was used for the staining of nuclei (blue). Dotted lines indicate the basement membrane.
Scale bar = 20 um. The percentages of epidermal K10* (B) and K57/K10* cells (C) were quantified (n = 10). Student’s t-test was performed for statistical analysis.
(D) Keratohyalin granules (red arrows) and fusion of granules with the cell membrane (yellow arrowheads) were examined by transmission electron microscopy. CL,
cornified layer; GL, granular layer. Magnification: 30,000x. (E) WWOX protein expression in HaCaT cells was determined by western blot analysis after calcium
(Continued)
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FIGURE 2 | Continued

chloride treatment for 1 and 3 days. B-Actin was used as a loading control. The numbers indicate the ratio of WWOX to B-actin protein levels in cells. (F) Western
blot anslysis of WWOX and K10 protein expression in calcium chloride-treated control (shLuc) or WWOX-knockdown (shWWOX) HaCaT cells. -actin was used as a
loading control. (G) shLuc or shWWOX HaCaT cells were treated with 2 mM calcium chloride for 1 and 6 days. The cells with clear cell-cell junctions (red arrow) were
observed in the control, but not shWWOX HaCaT cells (black arrow) at day 1. More stratification domes (yellow arrows) were observed in the control cells after
treatment for 6 days. Scale bar = 50 um. (H) HaCaT cells were treated with 2 mM calcium chloride for 3 or 6 days to induce differentiation. The stratification domes
in the shLuc and shWWOX HaCaT cells were quantified. At least 15 fields were quantified from two and three independent experiments at day 3 and 6, respectively.
Data are presented as mean + SEM. One-way ANOVA and post hoc Tukey tests were performed for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 3 | WWOX loss suppresses keratinocyte proliferation at P20. (A) Immunohistochemical staining of Wiwox™/*, Wwoxt/~, and Wwox~/~ mouse epidermal
tissue sections for Ki67 (arrowheads). Nuclei were stained with hematoxylin. The lower panels are enlarged images from the boxed areas. Scale bar = 50 um.

(B) Quantification of epidermal Ki67-positive cells is shown (Wwoxt/*, n = 5; Wwox*/~, n = 3; Wwox—/~, n = 5). One-way ANOVA and post hoc Tukey tests were
performed for statistical analysis. (C) Representative phase-contrast microphotographs of cultured primary keratinocytes isolated from Wiwoxt/* and Wwox~/~
mice at ~P20. The right panel indicates the cell numbers quantified using a hemacytometer after in vitro culture for 3 days. Scale bar = 10 um. Paired t-test was
performed for statistical analysis. (D) BrdU incorporation of the cultured primary Wiwox*/+ and Wwox~/~ mouse keratinocytes was analyzed by flow cytometry.

(E) Quantification of BrdU incorporation data is shown (Wwoxt/*, n = 4; Wwox~=/—, n = 5). Paired t-test was performed for statistical analysis. (F) Growth curves of
control shLuc and shWWOX HaCaT cells. All data are presented as mean + SEM. *P < 0.05, **P < 0.01.

Frontiers in Cell and Developmental Biology | www.frontiersin.org ] October 2020 | Volume 8 | Article 558432



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

Chou et al.

Wwox Deficiency Causes Skin Deficits

+
~
By

+/+

+/+

B
~
L}
I\
L}

uawdojanaq
judwdojanaqg

yimoub JieH

=P20

0
Q
>
Q
0Q
(1]
=
—
L
o
L)
(1}
=

FIGURE 4 | Wwox depletion delays hair growth in mice. The bars indicate the
timetables of the first hair cycle progression in Wwoxt/*, Wwox*/~, and
Wwox~/~ mice. The developing skin of mouse littermates was photographed
continually from P2 to P20 (black arrows: wild type; blue arrows:
heterozygous knockout; red arrows: homozygous knockout).
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Wwox Ablation Delays Postnatal HF

Morphogenesis

HFs are formed by the downward growth of epidermal basal cells.
HESCs reside in HF bulges and are able to replenish the epidermal
keratinocytes and maintain homeostasis (Blanpain and Fuchs,
2009). Since both epidermal basal cells and HF keratinocytes
express WWOX protein (Nunez et al., 2006), the effect of WWOX
loss on HF growth was investigated by examining a litter of mouse
pups continuously after birth. Wwoxt/* and Wwox™/~ mice
exhibited furs approximately at P4. However, Wwox™/~ mice

grew a first coat of hair after P6 (Figure 4). Compared with the
WwoxT/* and Wwox™/~ littermates, the relative fur length of
Wwox~/~ mice was shorter at P10 (Supplementary Figure S5).
Histological analysis revealed shorter HF length in Wwox™/~
mice from P3 to P21 (Figures 5A,B). Moreover, hair fibers were
thinner and shorter in Wwox~/~ mice at P21, as determined by
the measurement of HF bulge and hair shaft widths and whisker
length (Figures 5B-D). To study whether the deficiency of hair
shaft production in Wwox~/~ HFs is due to defective HF matrix,
we detected an average smaller bulb width and a significantly
reduced number of Ki67-positive proliferating cells in the hair
bulbs of Wwox~/~ mice at P7 (Figures 5E-G). However, the
HF number and length showed no differences among Wwox®/+,
WwoxT/~, and Wwox~/~ mice at birth or the embryonic stages
(Figure 5A and Supplementary Figure S6).

Starting from P4, mouse HFs undergo cyclic growth and
degeneration with a phased series known as anagen, catagen,
and telogen (Alonso and Fuchs, 2006). To assess the phase
progression of the first hair cycle, mouse skin color and
appearance were examined (Muller-Rover et al., 2001). After
shaving, the skin color of Wwox*/* and Wwox™/~ mice was
brownish-black at P14 and turned pink at P17, indicating that
their skin HFs were growing in anagen phase at P14 and
entering into catagen phase at P17 (Figure 4 and Supplementary
Figure S5). In contrast, Wwox™/~ HFs were still growing
at P17 and entering into catagen around P20 (Figure 4 and
Supplementary Figure S5). To study the progression of first hair
cycle in mice, histological analysis was performed. As most HFs
entered catagen phase in wild-type mouse back skin at P18, few
HFs reached the first telogen phase in these mice (Figure 5H).
However, a large number of Wwox~/~ HFs are still in anagen
phase at P18 (Figure 5H). Compared with the wild-type control
mice, Wwox~/~ mice had more catagen HFs but less telogen
HFs at P21, although no statistically significant differences were
found (Figure 5H). Whether Wwox~/~ mouse hair follicles have
shorter catagen phase is unclear. In catagen phase, cells in the
lower region of HFs undergo apoptosis (Alonso and Fuchs, 2006).
At P18, TUNEL-positive cells were found in the catagen HFs of
Wwox™/+ and Wwox*/~ mice but not in Wwox~/~ anagen HFs
(Supplementary Figure S4C). The TUNEL results revealed that
wild-type HFs reached the first telogen at P18 and Wwox~/~ HFs
at P21 (Supplementary Figure S4C). Our data suggest that HF
morphogenesis as well as the phase progression of the first hair
growth cycle are delayed by Wwox ablation.

Wwox Sustains the Maintenance of Stem

Cell Pool in Mouse Skin

The HFSCs give rise to all epidermal cell lineages (Senoo,
2013; Hsu et al.,, 2014). The completely specified HFSCs appear
at birth in mouse skin. After undergoing initial expansion to
accommodate HF development and hair growth, HFSCs become
quiescent in early postnatal developmental stages (Nowak et al.,
2008). Loss of HESC proliferative activities disrupts postnatal
HF development (Wang et al., 2013). In contrast, over-activation
of HFSC proliferation results in depletion of stem cell pools as
well as dysregulation of epidermal homeostasis (Niessen et al.,
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FIGURE 5 | Wwox deficiency leads to hair follicle atrophy in mice after birth.
(A) Representative dorsal skin tissue sections of Wwox*/+, Wiwox+/—, and
Wwox~/~ mice at birth (P0), P3, P7, P14, and P18 are shown (H&E stain).
The quantification results of mouse anagen HF length are shown in the right
panels. The numbers of HFs and mice analyzed (HFs/mice) were as the
follows: at PO, Wwoxt/* (224/5), Wwox ™/~ (108/3), and Wwox~/~ (185/4);
at P3, Wwox*/* (125/3), Wwox ™/~ (61/3), and Wwox~/~ (107/3); at P7,
Wwoxt/+ (52/4), Wwox ™/~ (42/4), and Wwox~/~ (36/3); at P14, Wwox*/+
(12/3), Wwox+/= (12/3), and Wwox—/= (20/4); at P18, Wwox*/* (9/4),
Wwoxt/= (12/4), and Wwox~—/~ (24/4). Scale bars: PO = 50 pum;
P3 =100 pm; P7 = 200 um; P14 = 100 um; P18 = 50 pum.

(Continued)

FIGURE 5 | Continued

(B) Representative telogen HF images of dorsal skin tissue sections from
Wwox*/+ and Wwox~/~ mice at P21 (H&E stain). The yellow lines indicate
HF bulge width. HG, hair germ; DP, dermal papilla. Scale bar = 20 pm. (C) An
illustration of anagen and telogen HFs. (D) The widths of telogen HF bulge
(left, n = 5) and hair shaft (middle, n = 4) were analyzed using serial skin tissue
sections from mice at P21. The hair fiber length of mouse whisker (right,
Wwox*/*, n = 10; Wwoxt/=, n = 10; Wwox~/—, n = 9) was measured at
P21. (E) HF bulb widths were analyzed using serial skin tissue sections from
Wwox*/+ and Wwox~/~ mice at P7 (92 HFs/3 mice). Student’s t-test was
performed for statistical analysis. (F) Immunohistochemical staining of
Wwox™/+ and Wwox~/~ mouse HF bulb sections for Ki67. Nuclei were
stained with hematoxylin. The yellow lines indicate HF bulb width. Scale

bar = 100 wm. (G) Quantification of hair bulb Ki67-positive cells at P7 is
shown. Student’s t-test was performed for statistical analysis. (H) The
percentages of anagen, catagen and telogen HFs were examined in
Wwox*/+ and Wwox~/~ mouse skin sections at P18 (n = 4) and P21 (n = 4).
One-way ANOVA and post hoc Tukey tests were performed for statistical
analysis. Data analyzed using properly sectioned tissue samples and whiskers
are presented as mean + SEM. One-way ANOVA and post hoc Tukey tests
were performed for statistical analysis. *P < 0.05, **P < 0.01, **P < 0.001.

2013; Ali et al., 2016). Wwox™/~ mouse epidermis showed
no increases in cell apoptosis during the delayed postnatal
HF morphogenesis (Supplementary Figure S4C). However,
increased cell proliferation (Ki67-positive) was detected in the
HF junctional zone (JZ) in Wwox~/~ mice between P3 and P8
as compared to that of the wild-type mice (Figures 6A,B). The
JZ progenitors have been shown to commit to epidermal lineages
(Kretzschmar and Watt, 2014). The enhanced cell proliferation
in JZ also caused transient thickening of the epidermal tissues in
Wwox~/~ mice at P7 (Figure 6C). Next, we analyzed whether
the increased cell proliferation in JZ at the early postnatal stage
causes a change in HFSC populations. Staining of the bulge HFSC
markers K15 and CD34 revealed a reduction in the number
of bulge HFSCs in Wwox~/~ mouse skin tissues at P21 as
compared with the controls (Figure 6D and Supplementary
Figure S§7), suggesting that Wwox is involved in the maintenance
of HFSC pool. Whether the enhanced proliferative activity of
JZ progenitors in Wwox-deficient HFs at early postnatal days
causes gradual loss of stem cell functionality and leads to HFSC
exhaustion at a later stage remains further investigation.

Wwox Loss Reduces E-Cadherin, ERK,

and p63 Expression in Keratinocytes
E-cadherin belongs to the family of cell adhesion molecules
and is important for the formation of adherens junctions
between the adjacent cells. The association of cytosolic -catenin
with E-cadherin at adherens junctions stabilizes E-cadherin
expression in epithelial cells and the structure of intercellular
junctions (Nelson and Nusse, 2004; Voronkov and Krauss, 2013),
and play crucial roles in epidermal and HF development, stem
cell renewal, and tissue homeostasis. Depletion of E-cadherin
expression in the epidermis and HFs results in alteration
of epidermal proliferation and differentiation, defects in HF
development, and loss of stem cells. Herein, our data revealed that
E-cadherin protein expression was decreased in the epidermis of
Wwox~/~ mice (Supplementary Figure S8).
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Moreover, Wwox~/~ epidermal keratinocytes expressed
significantly reduced levels of pERK and total ERK1/2 protein
(Figure 7A and Supplementary Figure S9, respectively). ERK
protein phosphorylation in MAPK signaling is essential for
cell proliferation. Therefore, the regulation of keratinocyte
proliferation by WWOX may be partly through MAPK signaling.
In agreement with a previous study (Salah et al, 2013),
we determined reduced expression of epidermal progenitor
marker p63 in Wwox knockout mouse epidermis (Figure 7B),
suggesting that progenitor cell depletion occurs in the skin of
Wwox knockout mice. Together, our results suggest that Wwox

absence leads to compromised epidermal homeostasis, stem cell
maintenance, and hair development that may be partly due to the
loss of E-cadherin, ERK and p63 expression.

Wwox Knockout Mice Have Reduced
Dermal Collagen Content, Lack
Subcutaneous Fat, and Display
Hypothermia

The stromal tissue beneath the epidermis is composed of
dermis and subcutaneous fat layers (Figure 8A). Signaling
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FIGURE 7 | Wwox knockout leads to decreased ERK and p63 expression in keratinocytes. (A) Immunohistochemical staining of Wwox*/* and Wwox~/~ mouse
epidermal tissue sections for pERK was examined under a light microscopy. The blue arrows indicate pERK-positive keratinocytes. Quantification results of pERK
expression are shown in the right panel (25 regions/3 mice). All data are presented as mean + SEM. Student’s t-test was performed for statistical analysis. Scale
bar = 20 pm. **P < 0.001. (B) Immunofluorescence staining of Wwox*/* and Wwox~/~ mouse skin tissue sections for p63 (red) and K5 (green) at P21 was
examined under a confocal microscopy. DAPI was used for the staining of nuclei (blue). Dotted lines depict the location of basement membrane. The quantification

results are shown in the right panel (28 regions/4 mice). All data are presented as mean £+ SEM. Scale bar = 20 pm. **P < 0.01.

from the stromal cells is crucial for HF morphogenesis and
epidermal homeostasis (Hsu et al, 2014; Fujiwara et al,
2018; Rognoni and Watt, 2018). Therefore, changes in stromal
composition in mouse skin by Wwox gene ablation were
examined. Histological analysis revealed that the stromal
thickness of Wwox~/~ mice was dramatically decreased (left
panel in Figure 8B). The thickness of dermis was significantly
reduced in Wwox~/~ mice (Supplementary Figure S10A). By
transmission electron microscopy, we found that the collagen
content was reduced in the dermal layer of Wwox™/~ mice
(Supplementary Figure S10B). Sirius red staining results
also revealed that the collagen fibers in Wwox~/~ mouse
dermis were thinner than those of the control littermates
(Supplementary Figure S10C).

Decreased serum lipid level has been detected in Wwox™/~
mice (Ageilan et al., 2007). We found that Wwox~/~ mouse
subcutaneous fat layer lost at P21 by Nile red and toluidine blue
staining (Figure 8C). Immunohistochemical staining for FABP4,
a mature adipocyte marker, showed that only a few FABP4-
positive cells have remained in Wwox~/~ mouse dermal tissues
(Figure 8D). These cells shrank and did not contain lipid droplets
(black arrows; Figure 8D). Subcutaneous fat is vital for thermal
regulation and maintaining body temperature (Alexander et al.,
2015). Indeed, the average body temperature of Wwox™/~ mice
was significantly decreased (31.3°C in knockout and 35.8°C in
wild-type mice; Figure 8E). Together, ablation of Wwox gene in
mice leads to the change of stromal environment in the dermis
that may compromise epidermal and HF development and tissue

homeostasis. The loss of subcutaneous fat causes hypothermia in
Wwox ™/~ mice.

DISCUSSION

In summary, our knockout mouse model provides the validity of
WWOX in supporting epidermal homeostasis, HF development
and stem cell maintenance. Lack of WWOX leads to reduced
keratinocyte proliferation and differentiation, as reflected by
significant reduction in epidermal thickness, dehydration state,
and delayed hair development. Downregulation of E-cadherin
expression and prosurvival MEK/ERK signaing pathway is
implicated for the aberrant development under the WWOX-
deficient setting in vivo. Human patients or mice carrying double
allele mutation or deletion of WWOX/Wwox gene display growth
retardation and early death (Aqeilan et al., 2008; Ferguson et al.,
2012; Mallaret et al., 2014; Tabarki et al., 2015). Dramatic loss of
adipose tissue in the subcutaneous area accounts for hypothermia
and severe illness in newborns.

In addition, evidence was provided in this study that WWOX
is involved in epidermal homeostasis and HF development
through regulating keratinocyte proliferation, differentiation and
stratification, and stem cell maintenance. It is likely as a result
of orchestrating MEK/ERK signaling pathway. WWOX is an
adaptor protein in MEK/ERK signaling pathway (Lin et al,
2011). MEK/ERK signaling has been reported to be regulated
by WWOX (Lin et al, 2011; Chen et al, 2019). Activation
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FIGURE 8 | Wwox~/~ mice lack subcutaneous fat and display hypothermia. (A) A schematic diagram of epidermal and stromal thickness measurement.

(B) Quantification of mouse stromal and subcutaneous fat layer thickness at P21 (n = 3). (C) Subcutaneous fat was detected by Nile red staining of frozen mouse
skin tissue sections (upper panel) and toluidine blue staining of EMbed 812-embedded skin samples (lower panel). The yellow stars in the lower panel indicate
subcutaneous fat layer. Scale bar = 100 um. (D) Immunohistochemical staining of Wwoxt/* and Wwox~/~ mouse dermal tissue sections for FABP4. The lower
panel is an enlarged image from the boxed area in Wwox~/~ tissue section and the arrows indicate adipocytes. Scale bar = 50 pm. (E) Measurement of mouse skin
surface temperature (Wwox*/*, n = 12; Wwox*/=, n = 9; Wwox~/~, n = 15). All data are presented as mea + SEM. Statistical analysis was performed using
one-way ANOVA and post hoc Tukey tests. **P < 0.001.
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of MEK/ERK signaling is critical for keratinocyte growth and
differentiation and stem cell functions. Conceivably, WWOX is
required to control keratinocyte proliferation and differentiation.

Nunez et al. (2006) along with the data shown in Human
Protein Atlas' have indicated that epidermal basal and suprabasal
cells have weak to moderate WWOX expression. Lai et al.
(2005) showed that the intensity of WWOX protein expression
is increased toward superficial layers of human epidermis. Using
an in vitro keratinocyte differentiation model, we determined that
WWOX protein expression was increased after differentiation
induction by treatment of Ca?" in HaCaT cells. In addition,
WWOX knockdown suppressed Ca?*-induced differentiation
marker K10 expression and stratification dome formation.
Together, these findings suggest that WWOX plays an important
role in the regulation of epidermal keratinocyte differentiation
and stratification. In the case that subconfluent HaCaT cells are
cultured with a low concentration of Ca?*, the cells undergo
proliferation but not differentiation (Bikle et al., 2012). Treatment
with a high concentration of Ca?* induces cell cycle exit,
differentiation, and formation of desmosomes, tight junctions
and adherens junctions in HaCaT cells (Bikle et al, 2012).
In the absence of WWOX, reduced E-cadherin expression at
the cell junctions and delayed cell-cell contact formation were
observed. How WWOX regulates E-cadherin protein expression
in epidermal keratinocytes is unknown. Whether the increased
WWOX protein expression during keratinocyte differentiation is
required for the assembly of adherens junctions for keratinocyte
stratification remains to be investigated. Moreover, p63 is an
essential molecule for initiating basal to spinous transition of
epidermal keratinocytes (Blanpain and Fuchs, 2009; Wu et al,,
2012). WWOX has been found to interact with ANp63a (Salah
et al., 2013). Downregulation of p63 protein level was detected
in Wwox~/~ mouse epidermal keratinocytes in this study.
However, it is unclear whether WWOX controls keratinocyte
differentiation through p63.

Substantial evidences have suggested that the control of cell
growth and apoptosis by WWOX may depend on cell types,
such as their tissue origin, differentiation state or differences
between normal, benign and malignant cells (Chang et al,
2007; Nowakowska et al., 2014). In coincidence with its tumor
suppressor function, overexpression of WWOX protein in
malignant lung, breast, pancreatic, cervical, and prostate cancer
cells suppresses cell growth and increases cell apoptosis (Fabbri
et al., 2005; Iliopoulos et al., 2007; Nakayama et al., 2008; Qu
et al., 2013; Lin et al., 2015). In contrast, in low-grade invasive
HT29 colon adenocarcinoma cells, increased WWOX expression
promotes cell proliferation but inhibits apoptosis (Nowakowska
et al., 2014). WWOX has been suggested to have pro-survival
functions (Ageilan et al., 2008; Abdel-Salam et al., 2014; Mallaret
et al., 2014). Ludes-Meyers et al. (2009) showed that Wwox
knockout mice exhibit severe metabolic acidosis and leukopenia
and succumb to early death by 3 weeks of age. Targeted
ablation of Wwox in mice leads to impaired steroidogenesis and
reduced GABA-ergic inhibitory interneuron numbers (Ageilan
et al., 2009; Hussain et al., 2019). Wwox knockout causes a

1www.proteinatlas.org

reduction in mouse bone osteoprogenitor cell growth but does
not affect mammary gland cell proliferation (Ageilan et al., 2008;
Ferguson et al., 2012). Using a keratin 5-Cre-mediated knockout
mouse model, Ferguson et al. (2012) showed that ablation of
Wwox in mammary epithelium leads to impaired mammary
branching morphogenesis. These findings suggest that WWOX
is a protein with pleiotropic functions. A certain amount of
WWOX expression may be necessary for maintaining normal
physiological functions in cells. However, it remains largely
unclear whether the phosphorylation status of WWOX protein
in cells affects its functions. The distinct function of WWOX in
various cell types may also be manipulated by the expression or
mutation of WWOX-binding proteins, such as p53, BRCA, or
Ras. How WWOX controls cell fates in coordination with these
factors and their regulated signaling remains to be determined.

Both epidermis and HFs are squamous epithelium composed
of multi-layered keratinocytes (Blanpain and Fuchs, 2009; Yi and
Fuchs, 2010). The basal keratinocytes in the innermost layer are
highly proliferative and undifferentiated cells. When these cells
are committed to differentiation, they exit cell cycle and begin
to differentiate (Fuchs and Raghavan, 2002). Downregulation
of cell proliferation in basal keratinocytes has been shown to
induce cell differentiation (Asare et al., 2017). A significant
reduction in proliferative activity was determined in Wwox™/~
mouse keratinocytes at ~P20. However, we did not detect an
increase of K5TK10" double-positive differentiated progenitor
cells in Wwox~/~ mouse epidermis (Figure 2A). On the
contrary, decreased keratinocyte differentiation was examined
in Wwox™/~ mouse epidermis and WWOX-knockdown
HaCaT cells. One possibility to achieve it is that WWOX
binds to particular proteins involved in both proliferation
and differentiation in keratinocytes. However, the molecular
mechanisms by which WWOX regulates both keratinocyte
proliferation and differentiation remain to be investigated.

The integrity of HFSC niche is maintained by the balance
between quiescence and activation status of cells. To produce
rapidly cycling and highly proliferative transient amplifying cells,
the quiescent stem cells in the epidermal basal layer may undergo
asymmetric division (Hsu et al., 2014; Kretzschmar and Watt,
2014). Previous studies have shown that depletion of E-cadherin
expression in cells disturbs spindle orientation and cellular
polarity during cell division (Wang et al., 2018). In the present
study, downregulation of E-cadherin expression was determined
in Wwox~/~ mouse epidermal keratinocytes. However, whether
loss of WWOX expression in self-renewing epithelium causes
aberrant cellular polarity in epidermal basal cells and disturbs
asymmetric division is unknown. The regulation of cell fate,
differentiation, and HFSC dynamics for maintaining tissue
homeostasis by WWOX remains to be investigated.

Using a conditional knockout mouse model for Wwox gene
in K5-positive basal cells, Ferguson et al. (2012) found that the
mouse epidermis exhibits a normal two-layer structure. However,
these conditional Wwox knockout mice die within 4 months
after birth (Ferguson et al., 2012). Herein, an in vitro growth
failure of isolated primary Wwox knockout mouse epidermal
keratinocytes was examined, suggesting an intrinsic defect due
to Wwox loss in these cells. Although the macro-morphology
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of epidermis remains intact in these conditional knockout mice
(Ferguson et al., 2012), loss of Wwox expression in the epidermal
keratinocytes might affect cell proliferation, differentiation and
adhesion, and impair skin barrier functions. Interestingly, the
epidermal thickness was transiently increased at P7 (Figure 6C)
but decreased at P21 in the whole-body Wwox knockout mice
(Figure 1D). A temporary increase in proliferating progenitors
observed in the JZ at P7 may lead to a gradual loss of quiescent
HFSCs at the later stages. Whether stem cell exhaustion and
aberrant keratinocyte proliferation and differentiation cause
subsequent abnormality in skin barrier function and death in
the keratinocyte-specific Wwox knockout mice is unclear. Both
collagen and adipose tissues are important for epidermal tissue
homeostasis and HF growth (Rognoni and Watt, 2018; Kruglikov
et al., 2019). The significant reduction in dermal collagen and
subcutaneous fat contents in whole-body Wwox knockout mice
may result in decreased generation of signals for supporting
keratinocyte growth and differentiation and cause more severe
phenotypes in the skin.

Wwox knockout mice have been reported to exhibit epileptic
seizure symptoms and hypoglycemia, which are highly related
to mortality (Ludes-Meyers et al., 2009; Abdel-Salam et al,
2014; Cheng et al, 2020). In addition, hypothermia caused
by the loss of subcutaneous fat may also lead to early death
of Wwox knockout mice because low body temperature has
been considered as a valid marker for imminent death (Ray
et al., 2010; Mai et al., 2018). Downregulation of peroxisome-
proliferator activated receptor-y was examined in Wwox™/~
mouse subcutaneous fat layer at P7 (data not shown). Whether
WWOX regulates adipocyte maturation and function is unclear.
Previous studies have revealed that Wwox ablation alters glucose
and lipid metabolism and causes defective steroidogenesis in
mice (Aqeilan et al., 2009; Abu-Remaileh and Ageilan, 2014;
Abu-Remaileh et al., 2019). Nevertheless, whether the fat loss in
whole-body Wwox knockout mice is a consequence of metabolic
dysregulation remains to be investigated.

CONCLUSION

Genetic ablation of Wwox causes severe dermal and epidermal
disorders as well as hypothermia in mice. Most importantly,
Wwox knockout mouse models may recapitulate the key
pathological features of human diseases due to loss or dysfunction
of WWOX. Using whole-body or conditional knockout mouse
models, future studies will be needed to investigate the molecular
mechanisms by which WWOX controls body temperature and
regulates HFSC maintenance and keratinocyte proliferation and
differentiation for maintaining tissue homeostasis in the skin.
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The ability to consume a meal using one’s own teeth influences an individual’s quality
of life. In today’s global aging society, studying the biological changes in aging teeth is
important to address this issue. A tooth includes three hard tissues (enamel, dentin, and
cementum) and a soft tissue (dental pulp). With advancing age, these tissues become
senescent; each tissue exhibits a unique senescent pattern. This review discusses the
structural alterations of hard tissues, as well as the molecular and physiological changes
in dental pulp cells and dental pulp stem cells during human aging. The significance
of senescence in these cells remains unclear. Thus, there is a need to define the
regulatory mechanisms of aging and senescence in these cells to aid in preservation
of dental health.

Keywords: aging, dental pulp cells, dental hard tissue, senescence, tooth

INTRODUCTION

Oral health in older individuals is closely related to their general well-being (Gil-Montoya et al.,
2015). In particular, tooth loss causes reduced dietary intake, presumably leading to systemic health
problems (Iwasaki et al., 2016). Thus, there is an urgent need for individuals to conserve their teeth
in the modern aging society. Tooth fracture is an important cause of tooth loss, which affects 32%
of individuals with tooth loss in Japan and 62% of such individuals in Sweden (Axelsson et al.,
2004; Yoshino et al., 2015). Other causes include dental caries and periodontal diseases. Because of
life extension and increasing focus on oral health care, older individuals possess greater numbers
of teeth, as well as a greater risk of tooth fracture, than do younger individuals (Yoshino et al.,
2015; Tavares et al., 2018). This may be due to aging-related changes in teeth, including hard and
soft tissues. A severely fractured tooth must be extracted. Hence, there is a need to understand
alterations of tissues in aged teeth to explore the mechanisms underlying their age-related molecular
changes; this will aid in elucidating methods that can prevent tooth loss and support a healthy
lifestyle. In this review, I summarize the findings (mainly in the past two decades) concerning aging-
related structural alterations of hard tissues, as well as the aging-related molecular and physiological
changes in dental pulp cells and dental pulp stem cells (DPSCs). I also discuss methods to counteract
tooth senescence for health preservation among older individuals.

SENESCENCE OF ENAMEL

Enamel that covers the tooth surface is the hardest tissue in the body (Figure 1A) because it
comprises >96% minerals (mainly hydroxyapatite crystals). The roles of enamel are to protect
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internal tissues (e.g., dentin and dental pulp) from caries-causing
bacteria, chemo-mechanical attacks, and thermal attacks; it also
mediates chewing force.

In the developing tooth, enamel is formed by epithelial
cells (ameloblasts) that originate from ectoderm (Figure 1A).
These cells interact with mesenchyme-derived dental papilla
cells and produce enamel matrix proteins. Initially, the matrix
proteins are partially calcified; during enamel maturation, the
enamel matrix becomes mineralized, and mature ameloblasts
remove both degraded matrix proteins and water to complete
the mineralization process (Simmer et al., 2010). At the final
stage of differentiation before eruption, ameloblasts exhibit
reduced size and no longer contribute to enamel maturation or
matrix secretion.

Freshly erupted tooth enamel is more permeable than aged
tooth enamel (Bertacci et al., 2007). However, the inorganic
components of this tissue can be affected by changes in saliva
properties and lifestyle habits during the aging process; in
particular, isomorphic and isoionic exchanges lead to increased
mineral density (Kunin et al., 2015). During the aging process,
enamel is subjected to tooth wear (Bartlett and O'Toole, 2019);
it also shows post-eruptive maturation through a reduction in
permeability, which leads to greater mineral contents over time,
particularly on the outer enamel surface (Park et al., 2008).
This results in diminished fracture toughness, partly caused by
the reduction of organic matrix (Zheng et al, 2013); it also
decreases caries susceptibility (Kotsanos and Darling, 1991).
In older individuals, cracks are often observed during clinical
examination of the enamel surface, alongside enamel crystals
(Yahyazadehfar et al., 2016). However, it is not yet possible to
prevent the enhancement of enamel brittleness with age.

SENESCENCE OF DENTIN

Dentin is a hard tissue with a unique structure (Figure 1A), which
protects and encloses dental pulp tissue in the pulp chamber.
It is formed by odontoblasts that differentiate from neural
crest-derived ectomesenchymal cells (Figure 1A) and comprises
approximately 70% minerals, 18% organic materials, and 12%
water. In dentinogenesis, dentinal tubules in dentin are formed
by the cell processes of odontoblasts localized at the dental pulp
periphery (Figure 1A). Odontoblasts contribute to the sensing of
some external stimuli (e.g., caries and tooth cutting) and enhance
dentinal resistance against occlusal force.

During the aging process, dentinal sclerosis (i.e., occlusion
of dentinal tubules by mineral deposition) progresses (Azaz
et al., 1977). The dentin of older individuals shows a higher
elastic modulus (Xu et al., 2014) and lower complex modulus,
as compared with that of young individuals (Ryou et al., 2015).
These structural alterations in older individuals lead to reduced
root dentin fracture resistance (Yan et al., 2017).

Odontoblasts are critical cells that form and maintain
dentin. They remain alive throughout life but experience aging
(Couve, 1986) and undergo deposition of secondary dentin,
which increases the hardness of dentin and constriction of
the pulp chamber space (Figure 1B; Xu et al., 2014; Carvalho

and Lussi, 2017). However, with advancing age, odontoblast
densities in human teeth decrease (Daud et al., 2016); moreover,
the cell shape of odontoblasts changes from columnar in
young individuals to cuboidal in older individuals (Figure 1A;
Burke and Samarawickrama, 1995). Aged odontoblasts exhibit
greater accumulation of lipofuscin, which is a waste product in
lysosomes of older individuals that reduces the thickness of the
odontoblastic layer (Figure 1B) and impedes autophagic and
dentinogenic activities (Couve and Schmachtenberg, 2011; Couve
etal,, 2013). Therefore, regulation of odontoblast senescence may
allow maintenance of dentin construction in a manner similar to
that of young dentin.

SENESCENCE OF CEMENTUM

Cementum is a calcified tissue that comprises approximately 65%
minerals, 23% organic materials, and 12% water, which surrounds
root dentin and plays a pivotal role in connecting a tooth to
its corresponding bone socket via penetration of periodontal
fibers (Figure 1A). Thus, cementum is located subgingivally.
Cementum is formed by cementoblasts, which differentiate from
ectomesenchymal cells; its properties are similar to those of bone
(Lehnen et al., 2012). This tissue includes two types: acellular and
cellular. The acellular type is present in the coronal and middle
portions of the root, while the cellular type is present around the
apical portion and encloses cementocytes, such as osteocytes in
bone matrix (Ayasaka et al., 1992). However, the features of these
cells have not yet been fully elucidated (Zhao et al., 2016).

The characteristic of aging cementum is a continuous increase
in thickness, primarily around the root apex (Zander and
Hurzeler, 1958; Figure 1B). Additionally, in older individuals,
gingival recession significantly increases, as compared with that
of young individuals (Hartmann and Muller, 2004); moreover,
cementum exposure is evident in older individuals (Barker,
1975). Because the exposed cementum is compromised and
has a low resistance to an acidic environment (Shellis, 2010),
root caries incidence increases with age (Griffin et al., 2004).
Thus, the prevention of gingival recession is essential for tooth
maintenance. Thus far, no reports have examined the molecular
mechanisms of aging cementum; thus, there is no known
mechanism to regulate the thickening of cementum with age.

SENESCENCE OF DENTAL PULP

Dental pulp is the soft connective tissue that includes
odontoblasts, fibroblasts, mesenchymal stem cells, nerve fibers,
and vessels. This tissue is derived from dental papilla,
an ectomesenchymal cell condensation in the developing
tooth (Figure 1A). The dental papilla cells underlying the
enamel epithelium can differentiate into odontoblasts; this
process is controlled by epithelial-mesenchymal interactions
(Thesleft et al., 2001). Under such epithelial-mesenchymal
interactions and the effects of various growth factors (e.g., bone
morphogenetic proteins, fibroblast growth factors, and WNT),
tooth development proceeds with this tissue (Thesleff, 2003).
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FIGURE 1 | Tooth development during the aging process. (A) Tooth development from the bud stage to eruption. Odontoblasts (Ods, orange) and ameloblasts (blue)
form dentin (D) and enamel (E), respectively, through epithelial-mesenchymal interactions. An erupted tooth consists of three hard tissues [E, D, and cementum (Ce)]
and a soft tissue [dental pulp (DP)]. The processes of Ods extend into the D where dentinal tubules (DTs, circle) are formed. (B) Aging alterations of the tooth
structure. Constriction of the DP cavity (red), occlusion of DTs in increased D, thickening of the Ce (light green), size reduction of Ods (rectangle), and decreased
distribution of nerve fibers (violet, rectangle) with advancing age. AB, alveolar bone; DF, dental follicle; DPL, dental papilla; ECs, ectomesenchymal cells; EO, enamel
organ; OE, oral epithelium. Light and dark green indicate Ce and periodontal ligament, respectively.

Aged tooth

The structural relationship between dentin and dental pulp
is known as the “dentin—pulp complex.” As mentioned above,
the pulp volume decreases with age because of secondary
dentin deposition throughout life (Murray et al., 2002). This
continuous deposition of dentin and dystrophic calcification in
pulpal arteries interrupts blood circulation in the dental pulp
of older individuals (Bernick, 1967a). When comparing the cell

density of pulp in 70-year-old individuals with that in 20-year-
old individuals, the cell number in older individuals was nearly
half that of the younger individuals (Nanci, 2018), indicating
a reduction in pulp restoration activity (Murray et al., 2002).
Additionally, Hillmann and Geurtsen (1997) reported that the
collagen fiber bundle aggregation and calcification in dental pulp
increased with advancing age. Dystrophic calcification in the
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central pulp of the coronal region and root canal is evident in
older individuals, which might be due to their reduced pulpal
blood flow (Ersahan and Sabuncuoglu, 2018; Tezzi et al., 2019).
Notably, Li et al. (2011) reported that human dental pulp cells
(HDPC:s) cultured under hypoxic conditions exhibited increased
mineralization. Furthermore, a previous study examined the
morphological alteration of the dentinal pulp wall during the
aging process (Tsurumachi et al., 2008); the shape and modality of
calcospherites on the pulp wall became diverse during aging. Such
deposition may contribute to the growth of secondary dentin.

Tertiary dentin also deposits on secondary dentin under
pathological stimuli such as dentin caries, tooth cutting,
and trauma. This dentin includes two types, reactionary and
reparative, which differ depending on the degree of stimuli
(Smith etal., 1995). These dentinogenic activities are also reduced
in older individuals (Murray et al., 2002).

With age, difficulties in endodontic treatment occur due
to the constriction of pulp chamber space by hyperplasia
of secondary and tertiary dentin, as well as pulp stones
(i.e., ectopic calcified particles in the coronal region)
and diffuse calcification in radicular pulp (Krasner and
Rankow, 2004). A recent study reported the efficiency of
cone-beam computed tomography in endodontic diagnosis
and treatment planning (Sue et al, 2018), demonstrating
its usefulness in current treatment. Additionally, guided
endodontic access using cone-beam computed tomography
in patients with calcified root canals has been described
(Lara-Mendes et al., 2018).

Nerve fibers are widely distributed in dental pulp. In the
growing dental papilla of human fetal teeth, expression of
nerve growth factor and its low and high affinity receptors
(p75NTR and TrkA, respectively) precede the initiation of
tooth innervation (Mitsiadis and Pagella, 2016). In particular,
p75NTR is thought to condense mesenchymal cells from
neural crest cells during the construction of dental papilla.
Therefore, these molecules are presumably involved in both
tooth development and nerve growth in dental pulp. However,
the distribution of nerve fibers in dental pulp decreases,
probably because of degeneration with increasing age (Bernick,
1967b; Figure 1B). Notably, Couve and Schmachtenberg
(2018) characterized two types of Schwann cells that reside
in dental pulp: non-myelinating and myelinating. They also
found a reduction in the network of these cells at the
dentin-pulp interface, along with decreased innervation in old
dental pulp; these findings suggested the progression of less
symptomatic caries in older individuals because of a reduced
response to environmental injuries and pathogens (Couve
et al., 2018). Thus, during aging, the pulp cavity constricts
and dental pulp cells subsequently reduce their functions and
activities (Figure 1B).

SENESCENCE OF DENTAL PULP CELLS
AND DENTAL PULP STEM CELLS

Cellular senescence, characterized by irreversible arrest of cell
proliferation, is evoked by various intrinsic and extrinsic

stressors such as DNA damage, oxidative stress, telomere
damage, oncogene activation and/or inactivation, and spindle
stress (Herbig et al., 2006; van Deursen, 2014). Currently,
senescence is viewed as a multistep process comprising biological
activity and evolution. The roles of senescent cells in aging
have been discussed widely. Briefly, there are two categories
of senescence: acute and chronic (van Deursen, 2014). Acute
senescence is induced by acute and specific stress, targets specific
cells, and is a scheduled process; this type of senescence is
involved in normal biological processes (e.g., tissue repair,
development, and wound healing). Chronic senescence is
promoted by gradual increases in stress and damage, which
have detrimental effects on nearby cells; moreover, it does
not target specific cells and is an unscheduled process (Dodig
et al, 2019). This pathway is considerably different from
acute senescence due to the heterogeneity of senescence-
associated secretory phenotype (SASP) factors that include
cytokines, chemokines, proteases, growth factors, and matrix
metalloproteases (Byun et al., 2015).

During the senescence process, senescent cells secrete
SASP factors (Coppe et al., 2008) that affect adjacent cells
in autocrine or paracrine manners (Acosta et al, 2013;
Borodkina et al, 2018). SASP factors play pivotal roles
in the above two senescent modalities; these factors have
beneficial or detrimental effects on cellular senescence,
such as regeneration, degeneration, immune clearance, or
growth stimulation (Watanabe et al, 2017). Acute senescent
cells are removed by immune cells following stimulation
by activated SASP factors; various SASP factors induce
chronic inflammation (Dodig et al., 2019), which results in
age-associated disorders and tumorigenesis. Although the
main roles of SASP factors are to preclude senescent cells by
immune clearance, the effectiveness of this process is influenced
by age-associated changes that hinder the immune system
(Denkinger et al., 2015).

In this context, to prevent cellular senescence, two
possible therapies of anti-senescence have been proposed:
suppression of SASP factors or selective elimination of
senescent cells (Watanabe et al, 2017; de Magalhaes
and Passos, 2018). Although these are regarded as
promising strategies, there is a need to carefully consider
whether targeting SASP factors is a suitable method
because these factors have both favorable and unfavorable
characteristics.

Senescence of Dental Pulp Stem Cells

Dental pulp stem cells (Gronthos et al., 2000) have attracted
considerable attention as promising cells for regenerative
endodontics (Murray et al., 2007) and systemic regenerative
medicine (Anitua et al., 2018; Yoshida et al., 2020). This attention
has arisen because DPSCs exhibit characteristics of mesenchymal
stem cells that can differentiate into various cell types such as
odontoblastic cells, dental pulp cells, neuronal cells, vascular
endothelial cells, retinal cells, islet cells, hepatocytes, smooth
muscle cells, osteoblastic cells, adipocytes, and chondrocytes
(Anitua et al., 2018; Yoshida et al., 2020). Additionally, during
acquisition of DPSCs from patients, invasive stress is very low
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relative to stem cell isolation from other organs and tissues.
Thus, cell banking has been implemented for on-demand
transplantation because human DPSCs (HDPSCs) reside in
dental pulp of young individuals at proportions of 0.67-1.02%
(Honda et al., 2007). A recent study found the expression of
CD24a in multipotent stem cells derived from human dental
papilla in a developing tooth germ, which developed into dental
pulp and then differentiated into odontoblasts in the mature
tooth (Chen et al., 2020). The number of CD24a(+) cells in dental
pulp remains unclear, but this discovery might enable efficient
isolation and expansion of a pure stem cell population.

These stem cells also undergo aging. The proliferation
and differentiation capacities of HDPSCs are impaired in
older individuals (Yi et al., 2017). However, HDPSCs show
reduced cellular senescence, as well as enhanced osteogenesis
and proliferation activities, compared with bone marrow
mesenchymal stem cells, periodontal ligament stem cells, and
adipose-derived stem cells (Ma et al., 2019).

Various studies have examined the mechanisms of changes
in HDPSCs during aging (Figure 2A). One study reported
that senescent HDPSCs have decreased BMI-1 expression but
increased p16™NK44 expression; overexpression of BMI-1 in
senescent HDPSCs rescued senescence-impaired odontogenic
differentiation (Mehrazarin et al., 2011). Feng et al. (2014)
reported that the activation of p16/NK44 signaling stimulated
onset of senescence in HDPSCs. Another report demonstrated
that p16™K44 and BMI-1 are involved in the senescence of
HDPSCs induced by oxidative stress (Mas-Bargues et al., 2017).
However, Gu et al. (2016) showed that Sirtuin 7 is downregulated
in senescent HDPSCs through identification of Sirtuin 7 as a
target of miR-152, an inducer of senescence in HDPSCs. Another
recent notable study showed that HDPSCs from older individuals
have decreased expression of the family with sequence similarity
96 member B homeobox (FAMY96B) gene; overexpression
of FAM96B improved their proliferation and differentiation
abilities, whereas it downregulated senescence markers such as
senescence-associated-f-galactosidase (SA-B-gal), p16, and p53
(Liang et al., 2020).

Human DPSCs undergoing replicative senescence exhibit
increased numbers of autophagic vacuoles (Li et al, 2012;
Figure 2A). This suggests reduced lysosomal activity due to
the accumulation of autophagic vacuoles (Rezzani et al., 2012),
which indicates lipofuscin accumulation in lysosomes (Couve
et al., 2013). When lysosomal activity decreases in senescent
cells, the proton concentration decreases (Colacurcio and Nixon,
2016). Therefore, the optimal pH of lysosomal -galactosidase
is 4, whereas that of SA-B-gal in lysosomes (a biomarker
of cell senescence) is 6 (Dimri et al, 1995). Hence, a pH
probe is under investigation as a candidate anti-senescence
therapy for mesenchymal stem cells (Wang et al, 2018). In
this context, Morsczeck (2019) has attempted to clarify the
mechanism involved in regulating DPSC senescence, which is
important for optimizing related therapeutic applications in
regenerative medicine.

Although the above findings may provide methods to prevent
tooth aging and promote pulp regeneration, further analyses are
needed to integrate these data.

Senescence of Dental Pulp Cells

All cells in dental pulp are generically regarded as dental pulp
cells, but they mainly comprise fibroblastic cells. Biological and
molecular alterations of HDPCs with age have been reported
(Figure 2B). With advancing age, HDPCs show reductions
in proliferation and alkaline phosphatase activity, thereby
indicating impaired restoration of injured pulp tissue (Shiba et al.,
2003). Sclerostin produced by osteocytes suppresses osteogenesis
(Moester et al., 2010), but its inhibition induces bone formation
(Zhang et al., 2020). Sclerostin also inhibits odontoblastic features
of HDPCs (Liao et al., 2019), whereas deficiency of sclerostin
facilitates reparative dentin formation in vivo (Figure 2B;
Collignon et al., 2017). Notably, Ou et al. (2018) reported
that HDPCs from older individuals have increased sclerostin
production, while overexpression of sclerostin in young HDPCs
induces senescent features (Figure 2B).

Additionally, it was recently elucidated that visfatin, a type
of adipokine, increases in senescent HDPCs; exogenous visfatin
induces HDPC aging along with upregulation of SASP factors,
whereas the chemical inhibitor of visfatin, FK866, reduces
senescent features in HDPCs (Figure 2B; Ok et al., 2020).
Another group reported that miR-433, which is increased in
aged HDPCs, is a senescence-associated miRNA of HDPCs that
targets GRB2 (Figure 2B; Wang et al., 2015). Importantly, GRB2
undergoes tyrosine phosphorylation during T-cell aging (Ghosh
and Miller, 1995; Chang et al., 2019).

Yi et al. (2017) examined the involvement of peroxisome
proliferator-activated receptor gamma (PPARy) and its
downstream effector heme oxygenase 1 in aging HDPCs
(Figure 2B; Lee et al., 2013b). PPARy functions in the survival
and differentiation of HDPCs and protects against oxidative
stress through heme oxygenase 1 (Lee et al., 2013a). Lee et al.
(2015) reported that senescent HDPCs showed reductions in
these molecules, while increased SA-B-gal activity and decreased
PPARYy influenced autophagic activity and cellular homeostasis
in senescent HDPCs. The regulation of these two molecules
might be important in tooth conservation in older individuals.

In this context, we focused on tumor necrosis factor-alpha
(TNF-a), a known SASP factor (Figure 2C). In our recent
study, we compared odontoblastic differentiation of HDPCs at
low replicative senescence [population doubling (PD) 6] with
HDPCs at high replicative senescence (PD28); HDPCs at PD28
expressed senescence makers such as p16, p21, p53, and SA-p-gal
(Nozu et al., 2018). Similar to other reports, senescent HDPCs
showed reduced differentiation activity. However, treatment of
senescent HDPCs with TNF-a resulted in higher odontoblastic
differentiation activities and mineralization per cell, compared
with HDPCs at PD6. These results were related to higher
expression levels of TNF receptor 1 (TNFR1) in senescent
HDPCs, compared with those levels in younger HDPCs (Nozu
et al.,, 2018). Importantly, senescent HDPCs treated with TNEF-
a and calcium demonstrated increased odontoblastic features,
whereas young HDPCs showed reduction of such features
(Figure 2C; Nozu et al., 2018). This was consistent with a recent
study in which HDPCs exhibited enhancement of mineralization
potential with increasing passage (Bakopoulou et al., 2017). In
older individuals, ectopic calcification is often observed in dental
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FIGURE 2 | Molecules involved in senescence of human dental pulp stem cells (HDPSCs) (A) and human dental pulp cells (HDPCs) (B) and their molecular features.
(C) When senescent HDPCs with increased expression of TNF receptor 1 (TNFR1) were treated with tumor necrosis factor-alpha (TNF-a) and calcium (Ca), their
odontoblastic features were enhanced, whereas young HDPCs showed reductions of these features. (D) Ideal therapy to preserve a tooth with advancing age. When
dental pulp (DP) and dentin (D) are maintained [e.g., by drug-related induction of a non-constrictive DP space and non-occluded dentinal tubules for senolysis or
senescence-associated secretory phenotype (SASP) inhibition, specifically targeting aging HDPCs or HDPSCs], healthy teeth might be maintained throughout life.
Because no report has examined the molecular mechanism of aging cementum (Ce), it is difficult to prevent thickening of Ce, which does not affect tooth fracture. E,
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pulp, characterized by pulp stones that narrow the pulp chamber
space, as well as diffuse calcification in radicular pulp (Bernick,
1967a; Nitzan et al., 1986; Iezzi et al., 2019). As teeth are exposed
to long-term stress (e.g., mastication, occlusion, or bruxism),
these weak and chronic inflammatory conditions might lead to
induction of SASP factors in HDPCs, thereby causing age-related
alterations. Overall, because HDPCs and HDPSCs regulate
dental pulp senescence, local control of senescence progression
might conserve teeth.

CONCLUSION

This review provided an overview of the findings over the
past two decades regarding the senescence of hard and soft
tissues in teeth. However, this issue has a short history in
dentistry. In the modern aging society, it is important to explore
methods to counteract the senescence of teeth, particularly
HDPCs and HDPSCs, to aid in tooth conservation. As
mentioned above, the development and application of drugs for
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senolysis or SASP inhibition, specifically targeting aging HDPCs
or HDPSCs, are an extremely attractive approach. For success
with this method, the method by which senescent cells are
targeted is a crucial factor. This issue must be resolved to
overcome the health problems affecting the modern aging society.
Consequently, maintenance of dental pulp and dentin in a
manner similar to that of young teeth will protect against
tooth loss by averting tooth fracture, thereby preserving dental
health (Figure 2D).
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According to the World Health Organization, infertility affects up to 14% of couples under
reproductive age, leading to an exponential rise in the use of assisted reproduction as
a route for conceiving a baby. In the same way, thousands of embryos are produced in
cattle and other farm animals annually, leading to increased numbers of individuals born.
All reproductive manipulations entail deviations of natural phenotypes and genotypes,
with in vitro embryo technologies perhaps showing the biggest effects, although these
alterations are still emerging. Most of these indications have been provided by animal
models, in particular the bovine species, due to its similarities to human early embryo
development. Oocytes and embryos are highly sensitive to environmental stress in vivo
and in vitro. Thus, during in vitro culture, a number of stressful conditions affect
embryonic quality and viability, inducing subfertility and/or long-term consequences
that may reach the offspring. A high proportion of the embryos produced in vitro are
arrested at a species-specific stage of development during the first cell divisions. These
arrested embryos do not show signs of programmed cell death during early cleavage
stages. Instead, defective in vitro produced embryos would enter a permanent cell
cycle arrest compatible with cellular senescence, in which they show active metabolism
and high reactive oxygen species levels. Later in development, mainly during the
morula and blastocyst stages, apoptosis would mediate the elimination of certain cells,
accomplishing both a physiological role in to balancing cell proliferation and death, and a
pathological role preventing the transmission of damaged cells with an altered genome.
The latter would acquire relevant importance in in vitro produced embryos that are
submitted to stressful environmental stimuli. In this article, we review the mechanisms
mediating apoptosis and senescence during early embryo development, with a focus
on in vitro produced bovine embryos. Additionally, we shed light on the protective role
of senescence and apoptosis to ensure that unhealthy cells and early embryos do not
progress in development, avoiding long-term detrimental effects.

Keywords: assisted reproductive technologies, programmed cell death, cell cycle arrest, DNA fragmentation,
TUNEL, caspase
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INTRODUCTION

Human in vitro embryo production has been one of the most
remarkable medical achievements of the past century, enabling
infertile couples, persons with heritable genetic diseases, or
oncology patients to conceive a baby. Since then, more than
8 million babies have been born from assisted reproductive
technologies (ARTs) around the world, and it is estimated that
around 2.4 million ART cycles are performed every year, leading
to 500,000 babies born (Eshre, 2018). The first human baby
produced by in vitro fertilization (IVF) was born 42 years ago
(Steptoe and Edwards, 1978), and since then ARTs have been
optimized in various mammalian species. Soon after, IVF was
introduced as a very complex experimental procedure in cattle
(Brackett et al., 1982), the species other than human with better-
developed ARTs. Over the years, the procedures have been
simplified and improved due to the development of in vitro
maturation (IVM) of oocytes recovered from slaughterhouse
ovaries or a living animal (transvaginal ovum pickup: OPU),
followed by IVF and in vitro culture (IVC). Nowadays, in vitro
embryo production in cattle is not only used to overcome
infertility (due to anovulation, fertilization failure (Looney et al.,
1994; Block et al., 2010; Gomez et al., 2020), or productive and
heat stress (Ealy et al., 1993; Block et al., 2010; Stewart et al., 2011),
but as a faster means to obtain embryos of high genetic value.
Worldwide, while the number of in vivo collected embryos that
are transferred seems to have stabilized, the transfer of in vitro-
produced (IVP) embryos continues to grow (742,908 embryos
in 2018) (Viana, 2019). Although there are important differences
between cattle and humans that need to be considered, such as
the techniques employed, with intracytoplasmic sperm injection
(ICSI) being used only in humans, and the age and fertility
status of the animals/patients, cattle are frequently used as a
model to study preimplantation embryo development, as well
as infertility issues in humans, since most technologies used
share many similarities. In fact, much of the initial human-based
ARTs were based on work completed in cattle (Sirard, 2018).
In vitro studies in cattle with early IVP and in vivo developed
(IVD) embryos are normally focused on the period into which
the blastocyst remains enclosed in the zona pellucida (Rizos
et al., 2017). These blastocysts, which are 7-8 days old, bear
the best pregnancy and birth rates for embryo transfer (ET) to
recipients (Ledgard et al., 2012; Randi et al., 2016). Subsequent
processes (i.e., trophectoderm -TE- elongation in concurrence
with gastrulation) are maternally driven in ruminants, with no
in vitro studies being up to now supportive of a functionally
representative elongation.

However, despite all efforts performed to optimize ARTS,
gametes and embryos are still submitted to stressful conditions
in vitro. IVF and intracytoplasmic sperm injection (ICSI)
bypass natural selection barriers and involve IVC of gametes
and embryos, where nutrients are limited and toxic substrates
and end-products of metabolism can be present (Calle et al,
2012; Ramos-Ibeas et al., 2019). Embryos show outstanding
plasticity during preimplantation development and can often
grow under suboptimal conditions. However, severe alterations
can also lead to a state of developmental arrest similar to

cellular senescence or trigger apoptotic cell death (Betts and
King, 2001). In this review, we shed some light on the debated
aspects of embryonic senescence and apoptosis as mechanisms
to impede damaged cells and compromised embryos to progress
in development. Such important restrictions at peri-conception
stages would avoid long-term deleterious effects on the offspring
(Barker, 2007).

IMPACT OF ASSISTED REPRODUCTION
ON EMBRYO DEVELOPMENT:
DIFFERENCES BETWEEN /N VIVO AND
IN VITRO PRODUCED EMBRYOS

Despite many improvements made in the field of assisted
reproduction, in vitro embryo production systems are still
not as efficient as in vivo development (Rizos et al, 2017).
Notwithstanding, it should be emphasized that gametes and
embryos are exposed to spatial and temporal unnatural
conditions during ART, whose consequences are not completely
known (Van Eetvelde et al., 2017). In cattle, approximately 90%
of oocytes cultured in vitro undergo nuclear and cytoplasmic
maturation, from which 80% are fertilized and cleave at least
once (Lonergan et al., 2003). Contrary to in vivo development,
whereby one or less frequently two oocytes are ovulated in
the cow, in vitro procedures permit maturation of virtually
all oocytes in the absence of the inhibitory effects of the
dominant follicle (Labrecque et al, 2016; Nagano, 2019).
Nonetheless, only between 30 and 40% of such oocytes
reach the blastocyst stage (Rizos et al, 2017). While at first
appearance this may appear inefficient, it is important to
remember that the oocytes used for IVM come from small
(2-8 mm) follicles, which would never ovulate in vivo and
whose fate would be atresia. Moreover, it has been demonstrated
that pregnancy rate following transfer of IVP blastocysts in
heifers is approximately 40-50% compared to 60-70% for
IVD embryos (Hasler et al.,, 1995; Hoshi, 2003; see review by
Hansen, 2020). Therefore, the challenge today is to improve
current IVM conditions to obtain more blastocysts and to
improve IVC conditions to produce better-quality blastocysts,
capable of continuing development and implantation after
transfer to recipient and resulting in births of viable and
healthy individuals.

Oocyte developmental competence, often defined as the ability
of the oocyte to mature, be fertilized, and develop to the blastocyst
stage, has been associated with the size of the antral follicle from
which it is recovered, the stage of the follicular wave, and the
site of maturation—in vivo or in vitro (Pavlok et al., 1992, see
review by Lonergan and Fair, 2016). Oocytes matured in vivo
are of better quality than those matured in vitro, and this is
reflected in the rates of embryos produced subsequently. Indeed,
irrespective of whether embryo development occurred in vivo
or in vitro, when bovine oocytes were matured in vivo from
superovulated cows, the resultant blastocyst rate was almost 80%,
while when oocytes were matured in vitro, it was limited to about
35% (Rizos et al., 2002).
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In mammals, the cumulus-oocyte complex (COC) provides
metabolites and nutrients, like pyruvate, oxaloacetic acid, and
amino acids to the oocytes during their growth, besides
stimulating them to resume meiosis and progress to metaphase
IT (Chen et al, 1990). Several studies demonstrated that gene
functions and signaling pathways interact between the oocyte and
CCs (Regassa et al., 2011). Thus, gene expression patterns in CCs
are currently used as indicators of oocyte quality (Tesfaye et al,,
2009; Bunel et al., 2015). Besides, IVM and in vivo maturation
differ in the amounts of mRNA transcripts stored in the
ooplasm (Lonergan et al., 2003), with more than 100 differentially
expressed genes between in vitro- and in vivo-matured bovine
oocytes being responsible for depleting their developmental
competence (Katz-Jaffe et al., 2009; Adona et al., 2016).

In humans, IVM can be an alternative for patients with
ovarian pathologies affecting oocyte quality (Ata et al, 2010;
Shalom-Paz et al,, 2010) and can also reduce the risks of
ovarian hyperstimulation syndrome (Sauerbrun-Cutler et al,
2015). However, despite its potential benefits, IVM is still
marginally used in human ART, with applications mainly in
fertility preservation (Kasum et al., 2015; Shirasawa and Terada,
2017). Therefore, a better understanding of the mechanisms
involved in oocyte competence during IVM is crucial in the
optimization of this technology.

The fate of an embryo is determined at fertilization. Delays
in fertilization or fertilization by a damaged spermatozoon could
conceivably lead to oocyte aging or to the formation of a defective
embryo, respectively (Tarin et al., 2000). However, in the bovine
species, IVC seems to be one of the major factors determining
embryo quality. As mentioned before, IVC embryos show
poorer morphology, cryotolerance, distinct transcript expression
profiles, and pregnancy rates after transfer than IVD embryos
(see review by Lonergan, 2007). Alternating in vitro and in vivo
embryo culture demonstrated the importance of developing
in vitro systems mimicking the in vivo situation. Thus, the
culture of IVP bovine zygotes in vivo in the oviduct of sheep
(Rizos et al., 2002), cow (Tesfaye et al., 2007), or mouse (Rizos
et al., 2007), increased the quality of the resulting blastocysts.
Conversely, IVC of in vivo produced bovine zygotes resulted
in blastocysts of low quality (Rizos et al., 2002). However, IVC
before and during embryonic genome activation (EGA) did not
affect embryo development rates, irrespective of where culture
took place, although IVC did affect the transcriptome of such
blastocysts (Gad et al., 2012).

Negative factors within IVC include media supplementation
with fetal calf serum (FCS), which reduces embryo cryotolerance,
induces alterations in gene expression and leads to large
offspring syndrome in cattle, a disorder caused by epigenetic
alterations in the embryo that is phenotypically similar to
Beckwith-Wiedemann syndrome in humans (Young et al., 1998;
Lazzari et al., 2002; Rizos et al., 2003; Wrenzycki et al., 2005).
Compared to in vivo derived embryos, IVP blastocysts produced
with FCS had 5 times more differentially expressed genes
than serum-free IVP blastocysts (1,109 vs. 207) (Heras et al,,
2016). Serum derivatives added to culture can also trigger long
term detrimental effects, as shown by improved survival to
cryopreservation and reduced miscarriage rates observed when

bovine serum albumin (BSA) was removed from the culture
at the time of blastocyst formation (Murillo-Rios et al., 2017;
Gomez et al, 2020). The embryonic genome is epigenetically
reprogrammed after fertilization. This process involves activating
or silencing specific genes by laying on appropriate methylation
patterns (Reik et al., 2001). During this critical period, the embryo
is especially vulnerable to epigenetic defects, which can be
induced by IVC (El Hajj and Haaf, 2013). Indeed, animal studies
have revealed links between different ARTs and imprinting
disorders, via altered DNA methylation patterns and histone
codes (Urrego et al., 2014). Such disorders are more prevalent
in gametes and embryos after ARTs than in their in vivo-derived
counterparts (Urrego et al., 2014). Thus, IVP embryos show
culture-induced, stage-specific, and non-stage-specific, aberrant
DNA methylation patterns in paternally or maternally imprinted
genes and in several genomic clusters (Salilew-Wondim et al.,
2015, 2018). The post-fertilization culture environment is
therefore crucial for the quality of the resulting blastocysts (see
review by Rizos et al., 2017; Wrenzycki, 2018). To overcome the
limitations of conventional IVC and mimic in vivo conditions,
different embryo culture systems have been developed such as co-
culture with bovine oviduct epithelial cells (BOECs) (Schmaltz-
Panneau et al., 2014) or supplementation of culture media with
oviductal and uterine fluid in sequential culture, as well as the
use of extracellular vesicles (EV's) (Rodriguez-Alonso et al., 2020).
All these systems entail improvements in IVC for blastocyst
development and their quality in terms of cryotolerance, cell
counts, cell apoptosis and gene expression (Alminana et al., 2017;
Lopera-Vasquez et al., 2017; Almifana and Bauersachs, 2019). In
particular, EV's secreted by donor oviductal cells increased birth
rates after embryo transfer in mice due to decreased apoptosis
and improved cellular differentiation in embryos (Qu etal., 2019).
Furthermore, supplementation of IVC medium with uterine
exosomes improved the developmental capacity of embryos
generated by somatic cell nuclear transfer (SCNT) (Qiao et al,,
2018). Taking together the above findings, it could be suggested
that the effect of EVs on early embryonic development may be
fundamental, and IVC systems containing EVs can provide new
insights to improve gamete maturation, fertilization, and embryo
development during ART:.

In parallel, other research lines based on chemical
modifications of simple medium, polarized and three-
dimensional (3D) cell co-cultures, lead to improved embryo
development and quality. These systems could allow cultured
gametes and embryos to experience some of the same mechanical
forces, mimicking interactions with the substratum of the
oviduct and endometrium, and dynamic changes that occur
in the microenvironment of the reproductive tract. The BOEC
polarized system consists of growing the cells on inserts to allow
media access from basolateral and apical sides, and to maintain
the polarized asymmetrical structure of the oviductal epithelial
cells. Epithelial cells derived from human, porcine or bovine
oviduct maintained polarity and in vivo-like morphology when
they were cultured for long term in a polarized air-liquid interface
system (Levanon et al., 2010; Chen et al, 2013, 2017). It was
evidenced that air-liquid system supports embryo development
in vitro without culture medium supply in porcine, mouse and
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bovine species; however, the obtained blastocyst rates could not
yet match the outcome of optimized standard IVP procedures,
suggesting that further improvement of the model is required
(Chen et al., 2017). In cattle, using the 3D printing technology
in combination with microfluidics resulted in the creation of
“oviduct-on-a-chip” with a U-shaped porous membrane allowing
BOEC polarization that could be maintained during long-term
mimicking tissue- and organ-specific micro-architecture (Ferraz
et al., 2017b). It was demonstrated that culturing BOEC in 3D
system improved embryo production by allowing proper sperm
and oocyte interactions, fertilization, and completely abolishing
polyspermic and parthenogenic activation of oocytes in the
absence of added sperm activating factors (Ferraz et al., 2017a).
Although technical issues contributed to lower cleavage and
developmental rates than in a conventional embryo production
system, the DNA methylation intensity and transcript abundance
in zygotes produced in the microfluidics device were more
similar to embryos produced in vivo than to embryos produced
in a conventional IVP system (Ferraz et al., 2018).

SENESCENCE DURING EARLY EMBRYO
DEVELOPMENT

Cellular senescence is a state of irreversible cell cycle arrest that
can be induced through different mechanisms, such as genomic
and telomeric damage, epigenetic perturbations, reactive oxygen
species (ROS), or activation of oncogenes, and mitogenic signals
(Lopez-Otin et al., 2013). This event was first noticed in primary
human fibroblasts that had undergone replicative exhaustion
after a finite number of passages (“Hayflick’s limit”) (Hayflick and
Moorhead, 1961). Nowadays, this state is known as replicative
senescence and is associated with telomeres shortening. However,
stress-induced premature senescence can be also induced as a
defense mechanism in damaged cells that are not able to undergo
apoptosis, and programmed senescence has been reported during
development (Lozono-Torres et al., 2019).

Senescent cells show specific morphological and biochemical
features, often presenting a large flattened morphology with
increased cytoplasmic and nuclear volume in culture (Rhinn
et al., 2019). These cells remain metabolically active, resist to
apoptosis-inducing stimuli (Baar et al., 2017) and show high ROS
levels and B-galactosidase activity (Wang and Dreesen, 2018). At
the molecular level, the senescent response is mediated by two
main components: the intrinsic arm and the extrinsic arm (Rhinn
etal., 2019). The intrinsic arm is mediated by proteins that inhibit
cell cycle progression, including tumor protein P53 (p53), p21
(encoded by Cyclin Dependent Kinase Inhibitor 1A; Cdknla),
pl6/™NKA and p19ARF (both encoded by Cyclin Dependent
Kinase Inhibitor 2A Cdkn2a) (Kuilman et al., 2010; Martinez-
Zamudio et al., 2017), and by microRNA-mediated gene silencing
(Benhamed et al, 2012). The extrinsic arm comprises the
“senescence-associated secretory phenotype” (SASP), mediated
by cytokines, chemokines, growth factors, extracellular matrix
(ECM), and ECM-remodeling proteins (Freund et al., 2010;
Acosta et al., 2013) that are transcriptionally regulated by nuclear
factor kappa-light-chain-enhancer of activated B cells (Nfkb),

CCAAT/enhancer-binding protein beta (Cebpf), p38, p53, and
GATA binding protein 4 (Gata4) transcription factors (Acosta
et al., 2008; Kuilman et al., 2008; Kang et al., 2015). The SASP
allows senescent cells to secrete signaling molecules, generating a
microenvironment, and activating the immune system to remove
damaged or stressed cells (Kang et al., 2011; Sagiv et al., 2016).

Although cellular senescence has been mainly associated with
tumor suppression, tissue repair or aging (Baker et al., 2011;
Campisi, 2013; Ritschka et al., 2017), features of senescence have
been also reported in cells from different mammalian species
during embryonic development (Rhinn et al, 2019). In the
mouse, senescent cells have been identified by expression of
pB-galactosidase, p21 and SASP factors in many tissues during
specific time windows of fetal development (mesonephros, neural
tube, gut endoderm, heart, and the developing limbs, etc.)
(Munoz-Espin et al., 2013; Storer et al., 2013; Lorda-Diez et al.,
2019). These cells emerge and are removed by macrophages
in a tightly controlled manner, resulting in tissue remodeling
and patterning. Interestingly, senescent cells in the developing
fetus are negative to certain senescence markers described in
adult tissues, such as p53, pl6"NKA p19ARF "and DNA damage.
Instead, developmental senescence is strictly dependent on
p21 and is regulated by the TGFB/SMAD and PI3K/FOXO
pathways (Munoz-Espin et al., 2013; Storer et al., 2013; Table 1).
This senescence model seems to be conserved in vertebrate
development, as similar patterns have been observed in chick
(Storer et al,, 2013) and human embryos (Munoz-Espin et al.,
2013), and could have emerged initially as a basic developmental
mechanism that subsequently evolved to a protective role to face
aging and tumor suppression in adult tissues.

Going one more step back in development up to the
preimplantational embryo, the existence of senescence was first
hypothesized almost 20 years ago (Betts and King, 2001). A high

TABLE 1 | Senescence and apoptosis markers detected through development.

Senescence Adult Fetus Early embryo
p53 Yes No No
p21 Yes Yes Yes
p16INK4A Yes No No
p19ARF Yes No ?
SASP markers Yes Yes ?
P66Shc Yes ? Yes
Phosphorylated yH2AX Yes No Yes
B-galactosidase Yes Yes Yes
APOPTOSIS

p53/phospo-p53 Yes No No
p21 Yes Yes Yes
BAX Yes Yes Yes
Bcl-2 Yes Yes ?
DNA fragmentation Yes Yes Yes
Apo-1/Fas, FasL Yes Yes No
Activated caspases Yes Yes No
PS externalization Yes ? Yes

SASP, Senescence-associated secretory phenotype.
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proportion of the embryos produced in vitro are arrested at
a species-specific stage of development during the first cell
divisions, before EGA. These arrested embryos do not show
signs of apoptosis or necrosis, since features of programmed cell
death are not detected during the early cleavage stages (Byrne
et al., 1999; Hardy, 1999; Matwee et al, 2000). Interestingly,
when the apoptotic pathway is partially activated by exposing
embryos at early cleavage stages to protein kinase inhibitors
or mitochondria depolarizing agents, limited caspase activation,
and DNA fragmentation can be observed (Matwee et al., 2000;
Gjorret et al,, 2007). This might suggest that components of
the apoptosis machinery are available before EGA, but cannot
be physiologically activated due to the absence of mature
mitochondria (Plante and King, 1994; Van Blerkom, 2004) or to
certain inhibition of the apoptotic pathway (Brad et al., 2007).
Instead, defective IVP embryos would enter a state of permanent
cell cycle arrest before EGA compatible with cellular senescence,
in which they show active metabolism and high ROS levels (Betts
and Madan, 2008; Figure 1).

Assisted reproductive technologies induce oxidative stress
in the embryos (Ramos-Ibeas et al, 2019), which might also
generate DNA and telomeric damage before EGA (Betts and
Madan, 2008). At these stages of development, many transcripts
are scarce, including telomerase, the enzyme responsible for
telomere elongation (Betts and King, 1999). Alternatively
spliced telomerase variants associated with a lack of telomerase
activity have been detected in some human oocytes and poorly
developing embryos (Brenner et al., 1999). Moreover, telomere
length in human oocytes predicts embryo fragmentation at
day 3 of development, supporting the theory of reproductive
senescence in women (Keefe et al., 2005). Thus, stress-mediated
telomeric damage due to sub-optimal culture conditions,
shortened telomeres derived from aged oocytes, or absence of
proper telomerase activity in low-quality oocytes or embryos
could trigger embryo senescence before EGA (Betts and King,
2001; Figure 2).

Maternal transcripts

Embryonic Genome Activation

r

C X

FIGURE 1 | Proposed model for apoptosis and senescence during early
embryo development. Due to the low amount of specific embryonic
transcripts before embryonic genome activation (i.e., telomerase), embryos
are very sensitive to environmental stressors during early cleavage stages,
entering into a state of cell arrest resembling senescence. Later in
development, embryos (and oocytes before fertilization) can show DNA
fragmentation and other morphological signs of apoptosis.

Senescence

Apoptosis

In contrast to senescent adult cells and in the same way as in
fetal cells, p53 is not involved in embryo senescence during early
cleavage stages (Favetta et al., 2004; Favetta et al., 2007a; Velez-
Pardo et al., 2007; Meuter et al., 2014). Furthermore, p16/NKA,
which is involved in the senescence response in adult tissues, has
not been detected in embryos (Egashira et al., 2011; Meuter et al.,
2014). However, IVP bovine embryos arrested at the 2-cell stage
were positive for phosphorylated yH2AX, a senescence marker
that was not detected in proliferating 2-cell embryos (Betts and
Madan, 2008). Besides, a direct correlation between the oxidative
stress adaptor protein p66Shc levels and the duration of the
embryonic arrest was found in these relatively transcriptionally
silent embryos, so p66Shc might play a key role in the senescence
response induced by ROS in early embryos (Favetta et al., 2004,
2007b). Additional markers of senescence in IVP embryos are
B-galactosidase and p21 expression (Meuter et al., 2014; Ock et al.,
2020; Table 1). Upregulation of p21 has been reported in mouse
preimplantation embryos in response to heat stress or X-ray
radiation that led to developmental delay or blockage in damaged
embryos (Ock et al., 2020). In the absence of p21, damaged
embryos can progress to the blastocyst stage, although exhibiting
increased apoptosis and chromosome instability (Adiga et al.,
2007). Thus, p21 plays a protective role in the embryo, mediating
a senescent phenotype in response to exogenous stressors.

Therefore, senescence seems to play a protective role
during preimplantational development, acting as a checkpoint
mechanism to ensure that unhealthy embryos enter into a
permanently arrested state and do not progress in development,
avoiding long-term effects on health and reproduction. This
mechanism would become even more important in IVP embryos,
which are exposed to multiple stressors (Ramos-Ibeas et al,
2019). It would be interesting to investigate whether senescent
embryos secrete signaling factors that could exert a detrimental
effect on the rest of the embryos in culture.

APOPTOSIS DURING EARLY EMBRYO
DEVELOPMENT

Cell death exerts an essential role in governing early mammalian
embryo development (Hardy, 1997; Betts and King, 2001;
Leidenfrost et al., 2011; Vandaele and Van Soom, 2011). Early
embryos progress in development faster than tumor cells because
of the lower embryonic demand for membranes construction
and lack of new biomass synthesis (Krisher and Prather, 2012).
A delicate balance between cell proliferation and death is
therefore required for successful development to term. This
view of cell death, as a regulatory process, alternates with
its pathological role (Betts and King, 2001; Leidenfrost et al.,
2011). Regulated cell death (RCD) exists mainly in multicellular
organisms as a form of genetically programmed elimination
of cells that are perceived as dispensable, noxious, or with
irreversible damage. Physiological forms of RCD do not require
intracellular or extracellular alterations (Conradt, 2009; Fuchs
and Steller, 2011). On the contrary, prolonged and/or intense
stimulation, insofar as they produce stress and disturb cellular
homeostasis, induce pathological RCD (Galluzzi et al., 2016).
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FIGURE 2 | Summary of factors (orange) and mechanisms (green) inducing senescence in in vitro produced embryos. Stressors associated with in vitro embryo
culture are written in brown letters, while factors associated with replicative senescence are written in blue.

Apoptosis is a form of RCD existing in multiple tissues
during embryonic and fetal development in mammals. The
apoptotic cell is rounded and shrunk, showing condensed,
marginalized, and later fragmented chromatin, intact nuclear
envelope, shrunk organelles and contained cytoplasm (Voss and
Strasser, 2020). A recent hypothesis postulated that apoptosis and
cell proliferation are independent processes that work together
better than alone in regulating growth (Voss and Strasser, 2020).
The role of apoptosis in mammalian development is not only
to control cell proliferation, including the deletion of cells
and portions of tissues, but also to regulate morphogenesis,
including the formation of cavities, and vesicles in compact
structures and modeling tissue shape (reviewed by Diamantis
et al., 2008). Since the framework of early morphogenetic events
is not yet started in early embryo development, the apoptosis
mechanisms seem to be limited to eliminate abnormal cells, as
there is no information about apoptosis regulating other essential
hallmarks until the blastocyst stage. A recent study in a mouse
model of chromosome mosaicism supports this hypothesis,
where abnormal aneuploid cells are eliminated by autophagy
and apoptosis at the peri- and post-implantation stages of
development (Singla et al., 2020). In human ART, apoptosis has
been postulated as a candidate mechanism to explain elevated
monozygotic twining (MZT), which would be facilitated by
more labile junctions between the ICM cells in IVP embryos
(Hviid et al., 2018). Thus, high glucose in culture increases MZT
rates, explained as increased ROS production and subsequent
apoptosis that would disrupt the ICM, with the possible help
of overpressure during hatching (Ménézo and Sakkas, 2002).
Frequent blastocyst collapse could relocate some ICM cells on
the trophectoderm wall, thereby forming a second, ectopic ICM,

and subsequent MZT (Payne et al., 2007). Embryo biopsy and
cryopreservation, together with specific donor conditions have
also been cited as factors underlying increased MZT, always with
apoptosis as a triggering factor (reviewed by Tauwinklova et al,,
2010). In the cow, increased MZT has been not documented
within IVP embryos.

Thus, the interest in apoptosis within in vivo and in vitro
produced embryos lies in its strong consistency with a variety
of stresses and poor development conditions, and this makes
the apoptosis signs timely markers of an abnormal environment
and likely responsible of increased MZT in humans. Hence,
one of the hallmarks of IVP is an apoptosis rate generally
higher than embryos naturally developing in the genital tract
(Pomar et al., 2005), indicating that in vitro conditions are
poorer for the embryo.

Apoptotic Pathways Within Early
Embryos

Apoptosis is regulated through two convergent pathways,
depending on whether the signals initiating cell death originate
within or outside the cell: (1) the extrinsic or death receptor
pathway, mainly activated by members of the tumor necrosis
factor (TNF) family that bind to their family of cognate receptors
(TNFR), and (2) the intrinsic, mitochondrial, or B-cell lymphoma
2 (BCL-2) regulated pathway. Both apoptotic pathways are
active —but not completely- in early embryos under stage-specific
conditions (Leidenfrost et al., 2011).

Intrinsic Apoptosis
Intrinsic apoptosis pathway proceeds at least by well-defined
environmental perturbations (Galluzzi et al., 2018). The bovine
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embryo has been identified as responsive to some of such
alterations: (1) Endoplasmic reticulum (ER) stress, which
simultaneously increases expression of ER stress (Glucose-
Regulated Protein, 78 kDa (GRP78), Activating Transcription
Factor 4 (ATF4), Activating Transcription Factor 6 (ATF6),
Regulator Of G Protein Signaling 1 (RGSI) and X-Box Binding
Protein 1 (XBPI)] and pro-apoptotic [C/EBP Homologous
Protein (CHOP) and BCL2 Associated X, Apoptosis Regulator
(BAX)] genes, at the same time that development rates,
cryotolerance, cell survival and apoptotic cell rates improve
(Yoon et al., 2014; Khatun et al., 2020); (2) ROS overload can
also trigger apoptosis and developmental affectance (Huang and
Chan, 2017; Luo et al., 2020); (3) Irregular DNA structures, out
of which only a subset can be identified by TUNEL (Gjorret
et al., 2003; Leidenfrost et al., 2011); abnormal segregation of
chromosomes in mitosis is a possible origin of such structures
(Gjorret et al., 2003); (4) Mitotic effects, where apoptosis was
observed in response to multinucleate cells (Paula and Hansen,
2008) and cytokinesis becomes blocked leading to a “mitotic
catastrophe” by checkpoint activation (Huang et al, 2005);
(5) Specific miRNAs that trigger apoptosis, since slow-cleaving
bovine embryos in culture release miRNA-30c, which targets
cyclin-dependent kinase 12 (CDK12) and lead to apoptosis (Juan
etal., 2016; Lin et al., 2019), although it is unknown whether dead
cells or live cells with a commitment release miR-30c¢; 6) Growth
factors removal as shown by specific growth factors identified in
the genital tract that reduce apoptosis when added to IVC (Trigal
et al., 2011; Gomez et al, 2014). In pigs, vascular endothelial
growth factor (VEGF) decreased in parallel to an increase in
embryo development, concomitant with a reduction in mRNA
abundance of caspase 3 (CASP3) and increased BCL2 Apoptosis
Regulator (BCL2) and Nuclear Factor, Erythroid 2 Like 2 NRF-2
(Biswas et al., 2018).

Synergies between the above inducers may exert a more tuned
regulation of apoptosis and proliferation, as shown in cancer cells,
where more than 300 miRNAs respond to retinoic acid (RA) to
inhibit cell invasiveness and deregulate growth (Lima et al., 2019).
Interestingly, RA is a main activated pathway in the bovine uterus
(Bauersachs et al., 2005). In vitro, RA regulates apoptosis in the
bovine blastocyst through both retinoid receptors RXR and RAR
(Rodriguez et al., 2006, 2007; Gomez et al., 2008).

Extrinsic Apoptosis

Extracellular perturbations can trigger apoptosis through the
extrinsic pathway, activated by receptor-ligand interaction
between extrinsic molecules and mainly two types of receptors
in the plasma membrane: (1) Death receptors, activated by
cognate ligands; (2) Dependence receptors, activated by falling of
ligand concentrations below specific thresholds (Galluzzi et al.,
2018). Death receptors include Fas cell surface receptor (FAS,
also termed as APO-1 or CD95), and TNF receptor superfamily
member 1A (TNFR1), 10a (DR4 or TRAILR1), and 10b (DR5
or TRAIL2) (Wajant, 2002; Aggarwal et al., 2012; Von Karstedt
et al., 2017). The extrinsic apoptosis pathway could be partly
inactive in bovine embryos because of the lack of convergence
with the intrinsic pathway to activate the effector caspases,
since caspase-8 would be absent or inactive. Together with

caspase-8, FAS/FASL transcripts are at very low abundance
or absent in embryos (Leidenfrost et al., 2011). Furthermore,
the FAS signaling pathway is inactive in bovine, human and
mouse oocytes (Sato, 1998; De Los Santos et al.,, 2000; Pomar
et al., 2004). The alternative pathway of necroptosis, a regulated
common morphology of necrotic and apoptotic cells, which
in turn should become active by caspase-8 inhibition, has not
been studied in bovine embryos to our knowledge. However,
morphological evidence associated with this RCD type has been
described (Gjorret et al., 2003; Rodriguez et al., 2006). A third
signaling pathway through death receptor is represented by
Nuclear factor-Kappa-B (NF-kh) activation, which usually leads
to a wide inflammatory response linked to cell survival (Nguyen-
Chi et al., 2017; Von Karstedt et al., 2017). The bovine blastocyst
is equipped with NF-KB inducers, such as TNF (Correia-Alvarez
et al.,, 2015b) and Interleukin 1 Beta (IL1b) (Correia-Alvarez
et al, 2015a). In the uterus, Day 6/Day 8 embryos need
to depress a natural pro-inflammatory status to progress in
development; evidence of such depression, including reduced
NE-Kin the uterine fluid, has been provided (Munoz et al., 2012).
Interestingly, the sex of the embryo determines the extent of such
a response in the uterus, with female blastocysts showing higher
apoptotic rates in their ICM (Gomez et al., 2013).

Apoptosis Chronology During Early

Development Stages

The timing at which the IVP embryo responds to external
stimuli through apoptosis -as an endogenous mechanism of
removing cells- has been defined in stage-specific studies with
embryos. However, perturbations of the oocyte and spermatozoa
environments can also result in an apoptotic response in the
generated embryo (El Hajj and Haaf, 2013; Wang et al., 2017;
Bittner et al., 2018), although this topic is out of the scope of
the present review.

Apoptosis and kinetic patterns of development are related,
since the incidence of embryos with dying/dead cells increases
through development by stage and day. However, the most
advanced embryonic stages within a day show lower apoptosis
rates. Pioneering studies (Byrne et al, 1999; Matwee et al,
2000; Gjorret et al., 2003) defined the chronology of apoptosis
within IVD and IVP cattle embryos. Embryos were examined
by morphological apoptotic traits (M) and analysis of DNA
fragmentation using terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) (T) (Gjorret et al.,
2003). Only nuclei showing T 4+ M were regarded as completely
apoptotic. Apoptotic M was rarely detectable before the 9-
16 cell stage. In contrast, significant proportions of mature
and immature oocytes showed T staining (Matwee et al,
2000), indicating that apoptotic processes became repressed after
fertilization, since no IVD embryos and very few IVP embryos
(< 3%) showed complete apoptotic T + M up to the morula
stage. The first sign of T + M was observed at the 8-cell stage
(Byrne et al., 1999; Matwee et al., 2000; Paula-Lopes and Hansen,
2002; Gjorret et al., 2003), while close to 50% Day-3 IVP embryos
(i.e., at different development stages) contained at least one cell
showing any sign of M (Leidenfrost et al.,, 2011). Thus, at the
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abundant trophectoderm cells.

FIGURE 3 | Cell death analysis in a bovine expanded blastocyst produced in vitro. Bovine expanded blastocyst produced in vitro and stained with bisbenzimide
(blue) to visualize all nuclei and TdT-mediated dUTP nick-end labeling (TUNEL; green). Red asterisks mark TUNEL-positive nuclei undergoing the apoptotic pathway
(condensed, TUNEL-positive structures that can appear scattered as smaller apoptotic bodies and correspond to chromatin and cytoplasmic condensation, with
intact nuclear membrane). Red arrows mark nuclei undergoing necrosis (TUNEL-positive structures, with unclear, swollen and frayed edges; red arrows). The inner
cell mass (circled, red line) shows the highest incidence of identified and non-recognizable forms of cell death, in contrast with a lower incidence in the more

blastocyst stage rarely an embryo was found without dying/dead
cells, with steadily higher apoptotic rates in the ICM (usually 25-
40% total cells in blastocysts) than in the trophectoderm (Gjorret
et al,, 2003; Rodriguez et al., 2006; Gomez et al., 2008, 2014, 2020;
Leidenfrost et al., 2011; Munoz et al., 2014; Murillo et al., 2017),
suggesting a more stringent regulation in the developmentally
important and yet undifferentiated ICM. Such differences are
not apparent in human embryos, although appropriate studies
are limited and with low sample numbers (Sjoblom et al., 2002;
Hardy et al., 2003).

Signaling pathways and genes involved in the apoptotic
response have been analyzed during early embryo development
in the bovine species. In an elegant study, Leidenfrost and
co-workers analyzed genes involved in both extrinsic and
intrinsic apoptosis initiation (Figure 3; Leidenfrost et al., 2011).
Within IVP embryos, the copy numbers of CASP3, X-linked
Inhibitor of Apoptosis (XIAP), BAX, BCL2 Like 1 (BCL2L1),
Caspase 9 (CASPY), and Signal Transducer and Activator of
Transcription 3 (STAT3) declined from the oocyte until day 3/4,

to gradually increase thereafter. Interestingly, transcripts for the
extrinsic initiator caspase-8 were undetectable from the oocyte
up to the hatching blastocyst stage (Leidenfrost et al., 2011).
Contrary to the caspase-9 protein from the intrinsic apoptotic
pathway, caspase-8 was not induced in 2-cell embryos by the
apoptotic promoter ceramide, which increases the numbers of
multinucleated cells (Paula and Hansen, 2008), an effect by which
cytokinesis becomes blocked leading to a “mitotic catastrophe” by
checkpoint activation (Huang et al., 2005).
Immunocytochemical staining of the effector protein CASP3,
revealed also increasing apoptotic rates from cleavage through
the blastocyst stages, but CASP3 positive embryos appeared
before the 8-cell stage (Oliveira et al., 2016) at higher rates than
those with T + M (see the above-cited works). Such differences
may represent incomplete repression of apoptotic mechanisms,
or activation of specific subsections, as suggested (Gjorret et al.,
2003). The EGA, at the 8-16 cell stage in cattle, entails a complete
re-organization of the apoptotic machinery in the embryo, which
in this way would reach complete capacity to reorganize cell
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DISC, death-inducing signaling complex; MOMP, mitochondrial outer membrane permeabilization.

growth and differentiation. Altered EGA within IVP embryos
would be involved in the distinct occurrence of apoptosis features
between IVP embryos and their in vivo counterparts.

Embryo Apoptotic Responses to in vitro

and in vivo Stress Sources

Early embryos can respond to a variety of stressors through
apoptosis activation in vivo and in vitro (Figure 4). Heat-
shock-induced apoptosis can occur in cattle embryos exposed
to high environmental temperatures, being more acute in high-
producing dairy cows due to their higher metabolic heat; 8-16
cell embryos are the first stage able to respond to heat stress (De
Barros and Paula-Lopes, 2018). Nutritional stress is also harmful
for embryo development and pregnancy. In a diabetic pregnancy,
hyperglycemia has been related with congenital malformations
in humans and animals (Eriksson and Wentzel, 2016; Shub
and Lappas, 2020). Mimicking maternal diabetes with very

high concentrations of glucose in culture reduces blastocyst
development rates and trophectoderm cells, while increases
apoptotic cell rates in bovine and mouse (Bermejo-Alvarez et al.,
2012; Uhde et al, 2018). The metabolomic profile of bovine
embryos produced in high-glucose medium showed an increase
in glycolysis and hexosamine pathways, and a reduction in the
components of the tricarboxylic acid cycle, resulting in a deficient
energy production from pyruvate, and in an increase in the polyol
pathway as an alternative to produce energy (Uhde et al., 2018).
Also, high glucose increased the expression of pro-apoptotic
genes Bax and Casp3 and decreased the mitochondrial content
and expression of glucose transporters in mouse blastocysts (Shen
etal., 2009). All these alterations may induce oxidative stress and
the activation of the apoptosis pathway in the embryo (Jimenez
et al., 2003). Moreover, negative energy balance (NEB) in cows
and obesity in humans are associated with upregulated lipolysis,
which increases non-esterified fatty acids (FA) concentrations in
blood. Bovine blastocyst obtained from COCs matured with a
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high concentration of FA had an increased apoptotic incidence
and lower cell numbers (Van Hoeck et al., 2011; Marei et al.,
2017), caused by lipid accumulation and increased mitochondrial
ROS (Prastowo et al., 2016).

Incidence of apoptosis within in vivo embryos is generally
lower than in IVP embryos (Gjorret et al., 2003; Pomar et al.,
2005; Warzych et al., 2007), although this appreciation is not
unanimous (Leidenfrost et al., 2011). Thus, embryonic quality is
normally associated with lower apoptotic rates. IVP blastocysts
show higher transcript levels for XIAP, BAX, BCL2L1, CASP3,
and CASP9 than in vivo embryos. However, neither in vivo nor
IVP embryos show transcripts for BCL2, Caspase 8 (CASP8), and
Fas Ligand (FASLG); and Fas Cell Surface Death Receptor (FAS)
transcripts were detected only in the in vivo group at very low
abundance (Leidenfrost et al., 2011).

Supplementation of in vitro culture media with serum
increases embryonic Bax expression (Rizos et al., 2003),
while improved formulations that increase the stability
of glutamine (e.g., as glutamyl-glycine), avoids ammonia
production by glutamine degradation (Zuo et al., 2020). Embryo
cryopreservation, in particular vitrification and warming,
enhances the expression of apoptotic genes like Forkhead Box
O3A (FOXO3A), Patatin Like Phospholipase Domain Containing
2 (PNPLA2), BCL2L1, and BAX, although apoptotic phenotypes
do not necessarily appear modified (Madrid Gaviria et al., 2019).

Interestingly, Day-6 IVP female embryos can show higher
apoptotic rates than males (Oliveira et al., 2016). Such differences,
nevertheless, can be due to culture conditions potentially
inappropriate for female embryos, as there is sufficient evidence
of metabolic differences between males and females (Sturmey
etal,, 2010; Munoz et al., 2020) and no sex-specific culture media
have been presently developed. Finally, the individual bull sperm
used for IVF can interact with sex factors to alter the incidence of
apoptosis during embryonic development (Oliveira et al., 2016).

ASSESSMENT OF EMBRYO QUALITY
THROUGH SENESCENCE AND
APOPTOSIS MARKERS

Until now, the most widely used method to select IVP
embryos for transfer is a morphological evaluation by standard
microscopy. However, even when performed by experienced
embryologists, it does not completely reflect embryo competence.
Cytoplasmic fragmentation and cytokinesis failure, often
observed in IVP embryos (Mateusen et al, 2005), can be
estimated by morphological evaluation to assess the viability
of the embryo, although the outcome can be imprecise and
subjective, depending on the evaluator’s criteria. Therefore, the
use of alternative markers could improve the selection of more
competent embryos. Fragmentation has been associated with
apoptosis induction and can lead to a reduction of embryo
viability if present to a high degree (Jurisicova et al., 1996).
However, although apoptosis evaluation has been suggested as
an additional technique to assess embryo quality and viability
(Pomar et al., 2005), activation of apoptosis might happen
in the embryo as a physiological mechanism to maintain the

equilibrium between cell proliferation and death, regardless of
external damage or initial oocyte quality (Bakri et al., 2016).
In the authors’ opinion, current systems to evaluate apoptosis
are relative and invasive. Therefore, due to the large variety of
embryo production systems available, measuring a critical level
of apoptosis able to trigger developmental arrest is not possible
yet, although it would be a highly desirable test to analyze
embryonic quality. Comparison between embryo culture systems
and in vivo models is the reference used in practice. Moreover,
the early mammalian embryo is able to cope with a number of
adverse environmental situations (Laguna-Barraza et al., 2012;
Eckert et al., 2015; Fleming et al., 2015; Hansen et al., 2016)
without a clear measurable evidence of the embryo resilience.
Thus, appropriate analysis of the efficiency of embryonic “repair
mechanisms” (i.e., confident evaluation of embryonic quality)
would request pregnancy establishment and progression until
birth, which makes such experiments highly expensive or, in
most cases, directly unapproachable.

Nowadays, apoptosis can be analyzed by different techniques,
differentiating those based on biochemical analyses, being the
most used the comet and TUNEL reaction assays and annexin
V staining, and those based on the analysis of genes and proteins
involved in apoptosis pathways. The comet assay is a sensitive
technique to detect DNA damage used in numerous eukaryotic
cell types and commonly applied in genetic toxicity studies.
It is based on electrophoresis migration of denatured DNA
fragments and visualization by fluorescence of the comet-like
shape that produces the fragmented DNA (Kucharova et al.,
2019). Comet is used to detect presence of apoptosis through the
visualization of the comet containing broken DNA fragments,
but apoptosis level is difficult to quantify. Although in the
reproduction field, this technique is mainly used to assess sperm
quality and sometimes in oocytes (Chang et al., 2019; Haddock
et al., 2020), it has also been adapted to study early embryos,
even though the number of studies are very limited and comprise
different species. One of its applications is the evaluation of
the persistence of induced damage from maternal germ cells
in early embryos (Rolland et al., 2017). However, an important
limitation of this technique is that it cannot distinguish between
DNA fragmentation coming from polar body disintegration
(Tatemoto et al., 2000) and DNA fragmentation induced through
apoptosis in embryonic cells (Fabian et al., 2003). Moreover, the
conventional comet assay cannot distinguish between apoptosis
and necrosis, requiring additional techniques to discriminate
between them (Morley et al., 2006).

TUNEL assay recognizes fragmented DNA, an event that
occurs at the later stage of the apoptotic process. This technique
is widely used in studies for quality assessment of embryos
and has revealed differences in the onset of apoptosis between
in vitro- and in vivo-produced bovine embryos (Gjorret et al.,
2003). Sudano et al. (2014) reported a correlation in apoptosis
levels quantified by TUNEL between fresh bovine embryos and
post-vitrification survival, which is also used as predictor of
embryo quality. In this context, apoptosis incidence has also
been analyzed to compare culture medium formulations and IVC
conditions, providing information about embryo status. Thus,
high oxygen tension and FCS in culture increase apoptosis rates
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in embryos (He et al., 2020). The effect of FCS is dose-dependent,
and very low doses of serum (0.1% FCS) are not pro-apoptotic,
although the embryonic quality and competence are reduced
(Murillo et al., 2017; Gomez et al., 2020).

Suboptimal conditions during ARTs subject the embryos
to chemical and physical stress, triggering apoptosis, and
compromising the integrity of the embryo or leading to long-
term deleterious effects (Ramos-Ibeas et al., 2019). IVP equine,
porcine, ovine, caprine, and bovine embryos show higher
incidence of TUNEL quantified apoptosis than their in vivo
counterparts (Pomar et al., 2005). However, although TUNEL is
a frequently used method for apoptosis detection, its specificity is
low since the assay labels all free 3/hydroxyl termini in the DNA,
which are also detected during necrosis, DNA repair, mechanical
damage, and even active gene transcription. Thus, TUNEL
staining would detect any type of DNA damage and should be
used in combination with other apoptosis-specific assays (Loo,
2011) or analyzing the morphological features of apoptosis and
necrosis observed in the target cells (Rodriguez et al., 2006).

Another technique commonly used for apoptosis assessment
within IVP is annexin V staining, which allows the detection of
phosphatidylserine (PS) in the membrane lipid bilayer surface.
The externalization of PS is one of the earliest events in the
apoptosis pathway. Annexin V staining has been observed in all
human embryos arrested from the 2-cell stage to uncompacted
morula, while only 30% of these embryos were TUNEL-positive
(Levy et al., 1998), as well as in 1-cell to 9-cell fragmented
embryos (Liu et al, 2000). The presence of PS on the outer
leaflet of the membrane lipid bilayer of a cell is the earliest
event of the apoptosis process. In healthy cells, PS is found
exclusively on the inner layer of the membrane cell (Hanshaw
et al.,, 2005). The externalization of PS had been observed by
Levy et al. (1998) and Mateusen et al. (2005) in all stages of
the apoptotic preimplantation embryo (2-cell stage embryo until
blastocyst stage). There are three possible explanations to these
results: (1) Annexin V allows the detection of apoptotic cells in
arrested embryos earlier than using TUNEL; (2) Annexin V could
be also labeling late-stage senescent cells in arrested embryos,
which show mitochondrial depolarization by ROS, an event that
may precede apoptosis (Wang et al., 2016); and (3) Necrotic
cells can exhibit annexin V (Crowley et al., 2016). Therefore,
as recommended for TUNEL, detection of annexin V should
be combined with other apoptosis-specific assays or apoptotic
morphology studies.

Increased expression of pro-apoptotic genes BAX and
CASPASE-3 is associated to IVP 2-4 cell bovine embryos bearing
poor morphology (Melka et al., 2010). In the same way, the anti-
apoptotic gene BCL2 increases in bovine embryos with good
morphological quality (Yang and Rajamahendran, 2002), and in
non-fragmented mouse blastocysts (Exley et al., 1999). Therefore,
the ratio between pro-apoptotic BAX and anti-apoptotic BCL2
is used to determine embryo quality and marker of differences
between IVP and in vivo collected embryos. This occurs in bovine
(Gutierrez-Adan et al., 2004) and humans (Metcalfe et al., 2004).

MicroRNAs (miRNAs) are key regulators of gene
expression through post-transcriptional and post-translational
modifications of mRNA. Mammalian blastocysts release miRNA

via exosomes and apoptotic bodies in the spent embryo culture
medium. Recently, a new approach to study apoptosis through
miRNAs in the spent culture medium of individually cultured
blastocysts has been proposed. In this study, miR-294 levels in the
spent culture medium were directly correlated with apoptosis in
mouse embryos. Although the biological role of miR-294 remains
unknown, two hypotheses could explain these results. One is
that high levels of miR-294 are involved in the suppression of the
apoptosis inhibitor BCL2, which in the last term acts promoting
apoptosis; although no BCL2 expression could be detected in
this study, so this hypothesis could not be confirmed. The other
possibility is that apoptosis triggers miR-294 release; which
was confirmed by exposing the embryos to ultraviolet radiation
(Makri et al., 2020). In bovine embryos, high levels of miR-30c
have been associated with increased apoptosis and reduced
development rates (Lin et al., 2019). miR-30c, as miR-30 family
member, regulates p53 expression and cell apoptosis (Li et al.,
2010), and downregulates Cyclin Dependent Kinase 12 (CDK12)
and DNA damage response (DDR) genes, which may impact
on cell cycle progression. miR-30c is highly conserved between
species, and in humans, miR-30c levels increase in the spent
culture medium of those embryos that will successfully implant
(Capalbo et al., 2016). Thus, miRNAs secreted to the culture
medium are potential biomarkers of embryo apoptosis and
viability, although their biological functions remain unknown
or poorly studied. The analysis of compounds secreted to or
taken up from the culture media by embryos, such as metabolites
and non-coding RNAs, is advantageous, and non-invasive. In
contrast, gene expression analysis, TUNEL assay and annexin V
staining are invasive techniques that require biopsy or embryo
destruction. Biopsy can be detrimental for the embryo and
can also lead to false negatives, discarding embryos with actual
pregnancy potential.

Controversies between the association of apoptosis and
embryo viability still exist (Haouzi and Hamamah, 2009), as
shown by similar apoptotic indexes found by TUNEL between
developmentally arrested in vivo bovine embryos, fragmented
morulae and non-fragmented morulae (Ikeda et al, 2006).
Similar results have been reported in the human species by
TUNEL and Annexin V (Antczak and Van Blerkom, 1999).
These results suggest that an alternative process might be
going on in poor-quality embryos at these stages, which causes
developmental arrest and cannot be detected with the TUNEL
assay, such as cellular senescence.

Embryo senescence might underlie the high frequency
of early developmental failure associated with sub-optimal
culture conditions (Betts and King, 2001). Senescence markers
pB-galactosidase, phosphorylated H2A.X and p2l1 (Cdknla)
mRNA are more abundant in mouse IVP than in vivo blastocysts.
However, their expression was reduced when embryos were
cultured in low oxygen tension (5%), pointing to a stress-induced
senescence associated with in vitro conditions (Meuter et al.,
2014). Another marker of embryo senescence could be telomere
length in the oocyte, which is negatively correlated with Day-
3 human embryos fragmentation (Keefe et al., 2005). However,
the use of such senescence markers entails embryo biopsy or
destruction to perform Fluorescent In Situ Hybridization (FISH),

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 619902


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

Ramos-Ibeas et al.

Bovine Embryo Apoptosis and Senescence

gene expression analysis or embryo staining. Therefore, novel
markers and non-invasive methods to predict embryo senescence
are still needed.

CONCLUSION AND FUTURE
DIRECTIONS

Early embryo development represents a very delicate
developmental window in which aberrant environmental
conditions can easily lead to developmental failure or to long-
term negative consequences in health. Due to the increasing
use of reproductive technologies in cattle and to the similarities
between bovine and human pre-implantation embryos, the
bovine species has allowed us to explore many mechanisms
involved in developmental failure during this period. However,
despite the significant progress made in the field of assisted
reproduction during the last decades, still more than 50% of IVP
embryos do not reach the blastocyst stage. A high proportion
of these embryos enter a state of permanent cell cycle arrest
compatible with cellular senescence during the first cell divisions,
not showing signs of apoptosis. This protective mechanism might
prevent further development of abnormal embryos showing
chromosomal anomalies (Almeida and Bolton, 1998) or failure
to activate the embryonic genome (Artley et al., 1992), avoiding
long-term effects on health and reproduction.

Later in development, after EGA, and mainly at the morula
and blastocyst stages, apoptosis would mediate a controlled
elimination of certain cells. Apoptosis would then fulfill two
different roles: a physiological role maintaining an equilibrium
between cell proliferation and death, and a prophylactic role
preventing the transmission of damaged cells with an altered
genome. This last role would acquire relevant importance in IVP
embryos that are submitted to environmental stress, in which
apoptosis incidence increases in comparison to IVD embryos.
Thus, although later in development, an individual cell might be
faced with apoptosis and senescence as alternative fates (Childs
et al., 2014), senescence and apoptosis during pre-implantation
development would be available during restricted time windows,
acting as complementary processes to ensure that damaged
cells/embryos do not progress in development.

Currently, common methods to assess apoptosis and
senescence in the early embryo, such as immunocytochemistry,
gene expression analyses or TUNEL and annexin V staining,
are not adequate to evaluate the viability of the embryo before
transfer due to their invasive nature. The identification of novel
non-invasive markers for apoptosis or senescence remains
a crucial goal, such as the analysis of compounds secreted
to or taken up from the culture media by embryos, or the
possibility of using cumulus cells to analyze the quality of
the future embryo, since apoptotic signaling might be already
triggered in the oocyte. In parallel, there are other RCD types,
such as necroptosis, ferroptosis or cell death induced by the
panoptosome, which remain to be explored in early embryos. We
hypothesize that such RCD types can be susceptible to alteration
in the context of specific traits of early embryonic cells and/or
embryo cryopreservation.

Necroptosis is a type of RCD that can be activated
through the death receptor pathway via FAS receptor and
TNFR1 when caspase-8 lacks or becomes inactive (Shan et al.,
2018). In this situation, receptor-interacting serine/threonine-
protein kinase-1 (RIPK1) and -3 (RIPK3) activate a mixed
lineage kinase domain-like pseudokinase (MLKL). At least in
specific circumstances, RIPK1 could also behave as an inhibitor
for RIPK3-dependent necroptosis and/or CASP8-dependent
extrinsic apoptosis (Orozco et al, 2014). Elucidating these
roles in bovine embryo development is challenging. Although
necroptosis has not been specifically studied in the early embryo,
studies performed by TUNEL alone could have identified a
regulated common morphology of necrotic and apoptotic cells.
Combining TUNEL staining with a caspase staining may allow
such distinction.

Ferroptosis is also a form of RCD driven by iron-dependent
lipid peroxidation. Peroxidation of phospholipids, which are
integrated into cell membranes, triggers ferroptotic death
(Stockwell et al., 2017). The oocyte could be an appropriate
objective for ferroptosis damage because of its largest size among
the body cells and the high mitochondrial endowment (100,000
300,000 mitochondria in the human gamete (Barritt et al., 2002;
Cummins, 2004), which entails a considerable amount and extent
of membranes containing the ferroptosis-target phospholipid
able to be peroxidized. The mitochondrial numbers decrease
with cleavage stages, but they remain higher than normal cells
and restart replication in the human expanded blastocyst to
reach the maximal counts (Hashimoto et al., 2017) comparable
to adult somatic cells (between 80 and 2000 mitochondria per
cell) (Cole, 2016). The expanded IVP blastocyst is a preferential
stage for cryopreservation, and a ferroptosis target because of the
high amount of mitochondrial membranes that can be damaged
during cryopreservation.

Panoptosis has been recently described as a multifaceted
cell-death signaling platform that integrates multiple cell death
types as apoptosis, pyroptosis, and necroptosis which form the
collective cell death pathway or PANoptosis (Samir et al., 2020).
The PANoptosome drives an inflammatory form of cell death
for immune-mediated protection. Modulation of inflammation
and immune responses has been described as a strong need
in the bovine uterus for embryos to progress in pregnancy
(Munoz et al., 2012; Gomez et al., 2013), by which PANoptosis
should be considered in future studies that lead to pregnancy
establishment in cattle ET.
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The presence of cellular fragments in the periviteline space is a commonly used
parameter to determine quality before transfer of in vitro produced (IVP) embryos.
However, this parameter is difficult to assess after blastocyst expansion. In this study, we
used mechanical hatching to confirm the presence of cellular fragments in the perivitelline
space of bovine IVP blastocysts. We further looked for associations between possible
apoptosis within extruded cells/ cellular fragments and the quality of bovine blastocysts
using quantitative RT-PCR and immunofluorescence. Surprisingly, more than 42% of
expanded blastocysts had cellular fragments in the perivitelline space; however, more
than 37% of extruded cells were TUNEL negative. We observed no significant difference
in embryo quality between expanded blastocysts with and without cellular fragments in
the perivitelline space. Overall, our data suggest that embryos extrude abnormal cells
to maintain their developmental potential. The presence of fragmented cells is not an
indicator of embryo quality.

Keywords: bovine, zona pellucida, cellular fragments, apoptosis, embryo quality, blastocyst

INTRODUCTION

In the past 40 years, millions of human babies and bovine calves have been born with the help
of in vitro fertilization (IVF) (Niederberger et al., 2018; Sirard, 2018). Despite these numbers,
the clinical pregnancy rate after embryo transfer is relatively low, at around 30-40%. It has
however been established that transfer of embryos with good gross morphology results in higher
pregnancy rates (Lindner and Wright, 1983; Desai et al., 2000). Determination of embryo quality is
challenging, however, because assessment of morphology is subjective and embryo grading results
may vary between clinicians (Lindner and Wright, 1983; Farin et al., 1995; Baxter Bendus et al,,
2006). In human IVE it is common practice to transfer 4- to 8-cell stage embryos to the patient’s
uterus to shorten the in vitro embryo culture time. Currently, there is an increasing tendency to
transfer at the blastocyst stage because this might improve implantation and clinical pregnancy
rates (Papanikolaou et al., 2005; Gorodeckaja et al., 2019; Sciorio et al., 2019). Indeed, in cattle and
most domestic animals, only transfer of morulae-blastocysts reliably leads to pregnancy (Van Soom
etal., 2001). Therefore, a means to objectively assess the quality of blastocysts is of great importance
for clinicians to aid selection of the best embryo to transfer.

There are two major approaches to evaluating blastocyst quality: invasive and non-invasive.
Invasive evaluation of blastocyst quality mostly involves lysis of the embryo for gene expression
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analysis, fixation for imaging or preimplantation genetic testing
(PGT). The total cell number and the ratio of inner cell
mass (ICM) to trophectoderm cells are directly correlated with
blastocyst quality (Leppens et al., 1996; Matsuura et al., 2010)
but because the ICM is highly compacted, it is difficult to
accurately determine either total or ICM cell number using
regular microscopy. Thus, staining of the nuclei together with a
marker for the ICM and/or trophectoderm lineage after fixation
can be a more accurate way to obtain information on blastocyst
quality in an experimental setting. Another valuable indicator of
blastocyst health is the percentage of cells undergoing apoptosis,
which is often assessed using the terminal deoxynucleotidyl
transferase (TdT) mediated dUTP nick-end labeling (TUNEL)
assay (Neuber et al.,, 2002). The disadvantage of these invasive
evaluations of blastocyst quality is obvious, as these invasive
procedures are not compatible with embryo survival. Therefore,
in a clinical situation, embryo biopsy to remove a small
number of cells for PGT is a more practical method to detect
chromosomal or genetic abnormalities prior to embryo transfer,
without the need to destroy the whole embryo. In commercial
cattle breeding, analysis of cells to analyze for sex and assess
genomic characteristics of the embryo is relatively common
practice. However, due to extra costs, risks of biopsy and of
misdiagnosis because of the difficulty of extrapolating data from
a small number of cells to the whole embryo (e.g., in the case
of chromosomal mosaics), or because of the limited number
of genes that can be analyzed on PGT samples (Kalfoglou
et al., 2005; Sermon et al., 2016; Cornelisse et al., 2020), non-
invasive techniques based on gross morphological evaluation
of embryos are still widely used in practice, particularly in
human IVF (Lindner and Wright, 1983; Farin et al, 1995;
Bormann et al., 2020).

An important parameter of non-invasive evaluation is the
developmental stage in relation to time after fertilization. It has
been shown that fast-cleaving embryos are of higher quality
than slower-cleaving counterparts and expansion is considered
to be an indicator of a “good” blastocyst (van Soom et al,
1997; Balaban et al., 2006). Another emerging non-invasive
embryo selection technique is time-lapse embryo imaging, which
allows continuous observation of embryo morphology without
taking the embryo from optimal culturing conditions (Kovacs,
2014). However, this technique is not ready for routine clinical
application, as clinically meaningful outcome parameters of
time-lapse embryo imaging have not been fully determined yet
(Armstrong et al., 2019).

One of the most commonly used parameters for assessing
quality of blastocysts is the presence of extruded blastomeres and
the extent of cellular fragmentation in the perivitelline space.
Embryos with extensive cellular fragmentation are considered as
“fair” or “poor” embryos likely to result in a low likelihood of
implantation (Van Soom et al., 2003; Racowsky et al., 2010).

Once a blastocyst expands, the perivitelline space becomes
very small, which makes it difficult to identify cellular fragments.
Thus, there is a lack of information about cellular fragments in
the perivitelline space at the blastocyst stage and its relationship
to embryo quality.

To investigate the correlation of the presence of cell fragments
in the perivitelline space with blastocyst quality, we mechanically
hatched the embryo from the zona pellucida of expanded
blastocysts. Surprisingly, there was no significant difference in the
quality of blastocysts with or without cells or cellular fragments
in the perivitelline space of day 8 blastocysts. Our data confirmed
that embryos can tolerate a certain level of cell death and still
reach the blastocyst stage. It is suggested that apoptosis and
fragmentation are methods to remove abnormal cells from the
embryo, and thereby protect the developmental competence of
the embryo.

MATERIALS AND METHODS

In vitro Embryo Production

All chemicals were purchased from Sigma Aldrich (St. Louis,
MO, USA), unless otherwise stated. Cattle ovaries were obtained
from a local slaughterhouse within 2 h after slaughter. Cumulus-
oocyte complexes (COCs) were aspirated from 2-8 mm follicles
using a winged infusion set (18G) connected to a vacuum
aspiration system. COCs were isolated from the aspirated
follicular fluid using a stereomicroscope. Groups of 40-60
oocytes were matured and fertilized in vitro as described
previously (Brinkhof et al,, 2015). In short, the oocytes were
cultured in maturation medium: M199 (Life Technologies,
Bleiswijk, The Netherlands) supplemented with 0.05 IU/mL
recombinant hFSH (Organon, Oss, The Netherlands) and with
1% (v/v) penicillin-streptomycin (Life Technologies). Culture
was for 23 h at 38.5°C, in an atmosphere of 5% CO;-in-air after
which oocytes were fertilized by co-incubation with 1*10%/mL
motile frozen/thawed sperm cells. The day on which COCs
were co-incubated with sperm was considered as day 0 of
embryo development. After incubation with sperm for 20-22h,
zygotes were denuded of their cumulus cells by vortexing for
3min and then transferred to synthetic oviductal fluid (SOF)
[107.63 mmol/L NaCl, 25 mmol/L NaHCO3, 7.16 mmol/L KCl,
1.19 mmol/L KH,POy, 1.78 mmol/L CaCl,-2H,0, 3.20 mmol/L
Sodium DL-lactate (60% syrup), 0.74 mmol/L MgSO4-7H,0
(Merck Millipore, Billerica, MA, USA), 0.33 mmol/L Sodium
pyruvate, 2.05 mmol/L L-Glutamine, 4 mg/mL BSA (Merck
Millipore), 10 U/mL penicillin-streptomycin (Life Technologies),
1% MEM NEAA, 2% BME Amino Acids and 0.5 pL/mL Phenol
Red 0.5% in LAL water (Lonza, Basel, Switzerland)] for further
development at 38.5°C, in a humidified atmosphere containing
5% CO; and 7% O,. On day 5, embryos were transferred to fresh
SOF and cultured until day 9 (Brinkhof et al., 2017).

Mechanical Separation

Day 7-9 expanded blastocysts were collected and placed in
a washing medium composed of 6.66 mg/mL NaCl (Merck,
Schiphol-Rijk, The Netherlands), 0.24 mg/mL KCI (Merck),
0.17 mg/mL NaHCO3, 0.05 mg/mLNaH,PO4 (Merck), 0.22%
(v/v) of a 60% sodium lactate solution, 2.38 mg/mL HEPES,
0.20% (v/v) phenol red, 0.39 mg/mL CaCl,-2H,0, 0.10 mg/ mL
MgCl,-6H,0 (Merck), 0.11 mg/mL sodium pyruvate, 100 U/mL
penicillin-Streptomycin (Gibco, Paisley, UK) and 6.00 mg/mL
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bovine serum albumin fraction V (BSA) (MP Biomedicals, Santa
Ana, CA, USA), set at an osmolality of 280 % 2 osmol/kg
and pH 7.3 & 0.05. Embryos were mechanically separated from
their zonae pellucida using tungsten needles in washing medium
under a stereomicroscope. Isolated embryos and zonae pellucidae
were rinsed in PBS before collection for quantitative reverse
transcription PCR and immunofluorescence.

RNA Isolation and cDNA Generation

Groups of 47-55 zonae pellucidae containing obvious cell clumps
or cellular fragments, and groups of 21-32 embryos were
collected and stored in 100 wL RLT buffer (Qiagen, Venlo,
The Netherlands) at —80°C until RNA isolation. Total RNA
extraction and genomic DNA digestion was performed using
the RNeasy Micro Kit (Qiagen) according to the manufacturer’s
instructions. Complementary DNA (cDNA) was synthesized
directly after RNA extraction. The mixture used for reverse
transcription (RT) was made up of 10 iL of the RNA sample and
4 pL of 5 x RT buffer (Invitrogen, Breda, The Netherlands) in
a total volume of 20 pL containing 10mM DTT (Invitrogen),
0.5mM dNTP (Promega, Leiden, the Netherlands), 8 units
RNAse inhibitor (Promega) and 150 units Superscript III reverse
transcriptase (Invitrogen). Minus-RT controls were prepared
from 5 wL RNA sample using the same reagents as above, without
the reverse transcriptase. After incubation at 70°C for 5 min, the
mixtures were cooled down on ice for 5min, followed by 1h at
50°C, and 5 min at 80°C. cDNA samples were stored at —20°C.

Quantitative Reverse Transcription-PCR
Primer pairs (Eurogentec, Maastricht, the Netherlands) were
designed on Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/
primer-blast) according to Bos taurus mRNA (Genbank; http://
www.ncbi.nlm.nih.gov/nucleotide). The quantitative reverse
transcription PCR (qRT-PCR) mixture contained 10 pL iQ
SYBR Green supermix (Bio-Rad, CA, USA), 9 wL RNAse-
free and DNAse-free water (Invitrogen) and 1 pL ¢cDNA with
a final primer concentration of 500 nM. The specificity and
annealing temperature of primers (Supplementary Table 1) were
first established using a temperature gradient from 55 to 68°C,
and cDNA from 100 blastocysts as template. Reactions were
performed on the CFX detection system (Bio-Rad) based on the
manufacturer’s protocol. Mixtures were kept at 95°C for 3 min,
followed by 40 cycles of denaturation at 95°C for 20s, the primer
specific annealing temperature for 20s and extension at 72°C
for 20s. To verify the purity of the amplified products, melting
curves were generated after amplification with temperature
increments of 0.5°C from 65 to 95°C for 5s each step. To
calculate amplification efficiency, standard curves of primers
were generated by 4-fold dilutions of cDNA from 100 blastocysts
in each reaction. All the reactions were performed on three
independent biological cDNA samples in duplicate. Expression
of RPL15, SDHA, and YWHAZ was used for normalization
(Brinkhof et al., 2015).

Immunofluorescence
Blastocysts and zonae pellucidae with cellular fragments were
collected and fixed in 4% paraformaldehyde (PFA) for 15min

and then stored in 1% PFA at 4°C until further use. After
washing twice in PBST (1x PBS, 0.01% Triton X-100), samples
were blocked in PBS with 5% goat serum and 0.3% Triton
X-100 for 60 min. Following three washes in PBST, samples
were incubated with mouse monoclonal antibody against CDX2
(Biogenex, CA, USA; CDX2-88; 1:200) and Alexa Fluor™ 568
Phalloidin (Invitrogen; A12380; 1:100) in dilution buffer (1x PBS,
1% BSA, 0.3% Triton X-100) overnight. After three washes in
PBST, secondary antibody incubation was performed with goat
anti mouse Alexa488 (Invitrogen) for at least 1h in the dark.
Subsequently, nuclei were stained with DAPI (Sigma Aldrich) for
20min in the dark. After three washes in PBST, samples were
mounted with Vectashield (Brunschwig Chemie, Amsterdam,
The Netherlands) on slides and stored at 4°C in the dark before
imaging. Fluorescent images were obtained using a confocal
laser scanning microscope (SPE-II-DMI4000; Leica, Son, The
Netherlands) with a Z-stack projection and were further analyzed
using IMARIS software (Bitplane, Ziirich, Switzerland).

Combined TUNEL and

Immunofluorescence
Apoptotic cells were identified by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) based on the Click-
iT Plus TUNEL assay (Thermo Fisher Scientific, Carlsbad, CA,
USA) with a few modifications. After fixation, samples were
washed twice in PBST and incubated with 100 WL of TdT reaction
buffer at 37°C for 10min, followed by incubation with TdT
reaction mixture for 60 min at 37°C. After two washes in Milli Q
water, samples were incubated with 3% BSA and 0.1% Triton X-
100 in PBS for 5 min at room temperature. Following two washes
in PBST, samples were incubated with 100 L of the Click-iT Plus
TUNEL reaction cocktail for 30 min at 37°C in the dark.

After three washes in PBST, immunofluorescence and imaging
were performed as described above.

Statistical Analysis

Statistical analysis was performed using Excel and GraphPad
Prism 8 (https://www.graphpad.com/scientific-software/prism/).
Pools of embryos or zonae with cellular fragments from
three biological replicates were analyzed for gene expression.
Individual embryos or zonae with cellular fragments from
three biological replicates were analyzed after immunostaining.
Differences between two groups were analyzed by two-tailed
unpaired Student’s t-tests, and differences between multiple
groups were examined by one-way ANOVA, followed by a post-
hoc Tukey test. A linear mixed model [SPSS (IBM, Amsterdam,
Netherlands)] was used to investigate differences in the total cell
number, CDX2 positive cell number and TUNEL positive cell
number per blastocyst and cellular fragment comparison. The
“individual embryo” was set as “subject,” different parameters as
“fixed effect” and “run of IVF” as “random effect” because of the
variability between batches of ovaries. Statistical significance was
setat P < 0.05.
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FIGURE 1 | Cellular fragments in day 9 bovine blastocysts. Fragmented cells
(arrows) in the perivitelline space of a day 9 hatching blastocyst (A) and within
the zona pellucida of a hatched blastocyst (B). Scale bar = 50 um.

RESULTS

The Presence of Cellular Fragments in the
Perivitelline Space of Expanded

Blastocysts

As cellular fragments can be detected in the perivitelline space of
day 9 hatching and hatched blastocysts (Figure 1), we presumed
that fragmented cells would also be present in the zonae of
expanded blastocysts but would not be visible due to the pressure
of the expanding blastocyst against the zona pellucida. To
preserve the integrity of blastocysts and zonae pellucidae, we
examined the presence of cellular fragments following manual
removal of the zona pellucida of day 7 (n 140), 8 (n =
155) and 9 (n 148) blastocysts (Supplementary Table 2).
As expected, fragmented cells were also detected between
the embryo and the zona pellucida of expanded blastocysts
(Figures 2A,B). Note that the occurrence of fragmented cells in
the perivitelline space is difficult to establish before mechanical
separation (Figures 2A-D). To our surprise, more than 42% of
expanded blastocysts demonstrated cells or cell fragments in the
perivitelline space with no significant difference between days 7,
8, and 9 blastocysts (Figure 2E, Supplementary Table 2).

The Level of Apoptosis in Cellular

Fragments
It has been suggested that cellular fragmentation in embryos
is the result of elimination of abnormal cells (e.g., with
chromosomal errors), and is closely related to apoptotic processes
(Haouzi and Hamamah, 2009; Daughtry et al., 2019). We first
used DAPI to examine nuclear DNA in fragmented cells in the
zona pellucida of day 9 blastocysts, with 16/25 (64%) containing
DAPI positive fragments. We then evaluated the level of possible
apoptosis-related changes in the cells and cellular fragments in
11 zonae of day 9 blastocysts by means of the TUNEL assay.
TUNEL positive cells were detected in the majority of cell clumps.
Interestingly, we noticed that a mean of 37.4% of the extruded
cells were TUNEL negative and contained morphologically
normal nuclei as observed after DAPI staining (Figure 3A,
Supplementary Table 3), indicating that a significant number of
cells were extruded before cell death was initiated.

Since the cytoskeletal architecture plays a role as sensor
and mediator of apoptosis (Desouza et al., 2012), we reasoned
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FIGURE 2 | Cellular fragments in the zona pellucida of expanded blastocysts.
Representative expanded blastocyst with cellular fragmentation before (A) and
after (B) mechanically induced hatching. Representative expanded blastocyst
without cellular fragments before (C) and after (D) mechanically induced
hatching. Arrow indicates cell fragments. (E) Graph indicating percentages of
blastocysts with cellular fragments in the zona pellucida after 7 (n = 140), 8 (n
= 155), 9 (n = 148) days of in vitro culture. Error bars indicate standard
deviation of three biological replicates. Scale bar = 50 um.

D, day; BL, blastocyst.

the actin cytoskeleton presents in cellular fragments. We
therefore analyzed the occurrence of actin cytoskeletal elements
using phalloidin staining. We observed large phalloidin
positive areas in 10 fragmented cells of day 9 blastocysts
(Figure 3A, Supplementary Table 3), which further suggested
that fragmented cells were undergoing apoptotic processes.
To examine whether the fragmented cells originated from the
trophectoderm, cells were immunostained for CDX2 expression
together with phalloidin. No CDX2 expression was detected
in fragmented cells, including fragmented cells with an intact
nucleus (Figure 3B). Together, these data suggest that either
the cells were extruded by embryos before the differentiation of
trophectoderm, or that trophectoderm cells rapidly lost CDX2
expression after exclusion from the embryo.

To evaluate the difference in apoptosis-related pathways
between day 9 blastocysts (n = 87) and extruded cells (n =
151), we next performed qRT-PCR to determine expression
of genes in the caspase and Bcl-2 families (Brentnall et al.,
2013). Expression of RPL15, SDHA, and YWHAZ was used as
a reference for quantification, and expression of these genes
followed similar patterns in samples of day 9 blastocysts and
extruded cells (data not shown). In contrast to expectations, the
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expression of caspase family genes was not statistically different
between extruded cells and blastocysts (P > 0.17 for CASPASE
3 expression and P > 0.11 for CASPASE 9 expression). In
addition, the expression levels of BAX (pro-apoptotic regulator)
and BCL2L1 (anti-apoptotic regulator) were similar in blastocysts
and extruded cells (Figure 3C).

Blastocyst Quality Comparison
In order to determine whether the presence of cells in the
perivitelline space is an indicator of reduced blastocyst quality,
we compared the quality of day 8 blastocysts with and without
cellular fragmentation using invasive methods.

To simultaneously investigate cell death and the ratio of ICM
to trophectoderm cells at the single blastocyst level (n = 25), we
performed TUNEL staining combined with immunofluorescence
staining for CDX2 (trophectoderm biomarker) and DAPI
staining to label all nuclei (Figure4A). The percentages of
trophectoderm cells were similar between blastocysts with and
without cells/cellular fragments in the perivitelline space, 64.6
and 67.0% CDX2 positive cells, respectively (Figures 4B-D).
A small but similar proportion of TUNEL positive cells
was detected in blastocysts with (6.5%) and without (4.5%)
fragmented cells (Figures 4E,F). TUNEL positive cells were
also detected in presumptive ICM cells (CDX2 negative;

Supplementary Tables 4, 5). Nevertheless, a similar and low
percentage of TUNEL positive cells was found in presumptive
ICM cells in blastocysts with (4.6%) and without (5.5%) cellular
fragmentation (Figures 4G,H).

We further examined the expression of CDX2 and SOX2 (ICM
biomarker) and apoptosis regulator genes in day 8 blastocysts.
In agreement with the TUNEL/combined immunofluorescence
results, there were no significant differences in the levels of CDX2,
SOX2, CASPASE 3, CASPASE 9, BAX, and BCL2L1 expression
between blastocysts with (n = 64) and without (n = 66) cellular
fragmentation (Figure 4I).

DISCUSSION

Despite being used in clinical practice for decades, embryo
evaluation prior to transfer is a challenging and subjective
procedure. The presence of cellular fragments in the perivitelline
space can be identified by clinicians, and is an important
empirical criterion of embryo quality (Van Soom et al., 2003).
However, our data indicate that the presence of extruded or
fragmented cells is common in expanded blastocysts and is not
a reliable indicator of blastocyst quality.

Although cellular fragments can be often observed in the
perivitelline space of cleavage stage embryos, their presence in
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the same location around expanded blastocysts is less easy to
confirm by regular stereomicroscopy. To identify their presence
in expanded blastocysts, we mechanically separated zonae
pellucidae and embryos, which allowed examination of the cells
detached from the embryo and attached to the zona pellucida.
Using electron microscopy, several groups have previously
identified fragmented cells or “debris” in the perivitelline space
(Vajta et al., 1997; Fair et al., 2001; Rizos et al., 2002), but further
examination of the cells was not possible.

Recently, it has been reported that cell fragments contain
chromosomal material, possibly resulting from encapsulated
micronuclei (Daughtry et al., 2019). Indeed, we detected that
more than half of cell fragments were DAPI positive and most
of these DAPI positive cells were positive for TUNEL in day 9
blastocysts; nevertheless, we still found more than one third of
cell fragments to be TUNEL negative.

In bovine embryos, cellular fragmentation has only been
observed after the 8-cell stage, typically from the morula stage
onwards (Gjorret et al., 2003; Van Soom et al., 2003). Similarly,
apoptosis is also first observed after the 8-cell stage in bovine
embryos (Byrne et al., 1999; Gjorret et al., 2003), coinciding with
activation of the embryonic genome. Indeed, we found no CDX2
expression in the cellular fragments and there was no difference
in the percentages of blastocysts with cellular fragments within
the zona pellucida between days 7, 8, and 9 blastocysts, indicating
that the cells were excluded from the embryo before the blastocyst
stage. Possibly, embryos assess the genomic integrity of cells at
around the time of embryonic genome activation and extrusion
and fragmentation of cells with chromosomal errors is initiated
at this time. Alternatively, the cellular fragments observed at
the blastocyst stage result from the progressive degeneration of
cells excluded prior to blastocyst formation. This may explain
why the majority of cellular fragments were TUNEL positive, i.e.,
(programmed) cell death may have started after cell exclusion.
Removal of cells by programmed cell death within the developing
embryos would mainly affect the cell that later form the fetus, i.e.,
the ICM (Leidenfrost et al., 2011).

Interestingly, the detected mRNA levels in the cell fragments
indicate that mRNA was not rapidly degraded. Indeed, the
appearance of nuclear material within the fragments, as
visualized using DAPI staining, suggested many nuclei were
intact. In addition, the levels of caspase gene expression were not
increased above those observed in the embryos themselves. These
results indicate that not every extruded cell or cell fragment had
undergone apoptosis, or that a portion of cellular fragments were
at an early stage of apoptosis.

The technique of qRT-PCR does not allow determination of
caspase protein activity, is partly dependent on post-translational
modification (Parrish et al., 2013). Caspase mRNA can however
be used as supplementary evidence of apoptosis (Krishnan et al.,
2005; Zhang et al., 2019). Moreover, consistent with caspase
gene expression, we did not find any significant differences in
BAX (pro-apoptotic) and BCL2LI (anti-apoptotic) expression
between day 9 blastocysts and day 9 zonae pellucidae with
cellular fragments, or day 8 blastocysts with and without
cellular fragments.

Generally, the presence of cellular fragments in the
perivitelline space is considered as an indicator of poor
embryo quality (Jurisicova et al., 1998; Chi et al., 2011; Maurer
et al,, 2015), although it has also been proposed that low levels
of fragmentation have no negative impact on implantation
and pregnancy rates (Alikani et al.,, 1999). In our study, there
was no significant difference in embryo quality between day
8 blastocysts with cellular fragments and blastocysts without.
Since in bovine IVF an average of only 30-40% of the embryos
reach the blastocyst stage, it is possible that the embryos
with high percentages of chromosomally abnormal cells were
already arrested during early embryonic development, and
the blastocysts we collected were of relatively high quality.
Indeed, few TUNEL positive cell were detected in the blastocysts
we collected.

To conclude, the presence of cellular fragments in the
perivitelline space is common in expanded blastocysts. A
limitation of this study is that even blastocysts with good
morphology will not necessarily implant and give rise to
healthy offspring. Blastocyst morphology is however a criterion
used in practice to select or prioritize embryos for transfer.
Although the most convincing demonstration of bovine
blastocyst quality, i.e., birth of a healthy calf, has not been
examined, we conclude that there is no correlation between
the presence of cellular fragments in the perivitelline space and
blastocyst quality.
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Mammalian development involves an exquisite choreography of cell division,
differentiation, locomotion, programmed cell death, and senescence that directs the
transformation of a single cell zygote to a mature organism containing on the order of
40 trillion cells in humans. How a single totipotent zygote undergoes the rapid stages of
embryonic development to form over 200 different cell types is complex in the extreme
and remains the focus of active research. Processes such as programmed cell death or
apoptosis has long been known to occur during development to help sculpt organs
and tissue systems. Other processes such as cellular senescence, long thought to
only occur in pathologic states such as aging and tumorigenesis have been recently
reported to play a vital role in development. In this review, we focus on apoptosis and
senescence; the former as an integral mechanism that plays a critical role not only in
mature organisms, but that is also essential in shaping mammalian development. The
latter as a well-defined feature of aging for which some reports indicate a function in
development. We will dissect the dual roles of major gene families, pathways such as
Hox, Rb, p53, and epigenetic regulators such as the ING proteins in both early and the
late stages and how they play antagonistic roles by increasing fithess and decreasing
mortality early in life but contribute to deleterious effects and pathologies later in life.

Keywords: apoptosis, development, Hox proteins, retinoblastoma, ING proteins, epigenetics, cancer, senescence

MAMMALIAN DEVELOPMENT

Mammalian development begins with the fertilization of the female gamete, the ovum, by a sperm
cell, the male gamete, forming a single celled zygote. Following fertilization, the zygote undergoes
rapid cleavage to form a solid ball of cells without cytoplasmic growth (Aiken et al., 2004). The
next stage of development, blastulation, shows a series of morphological changes that result in the
formation of a blastocyst consisting of an inner cell mass (ICM), outer trophectoderm cell layer,
and a fluid filled blastocoelic cavity (Biggers et al., 1988). Gastrulation then ensues, which shapes
the three germ cell layers; the endoderm, mesoderm and ectoderm, which during organogenesis
develop into the tissues and organs of the developing organism (Solnica-Krezel and Sepich, 2012).
The inner germ layer, the endoderm, gives rise to organs of the respiratory and digestive systems
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and to the epithelial cells that line the insides of these
organs (Zorn and Wells, 2009). The middle mesoderm layer is
responsible for the formation of connective tissues, blood and
bone, the vascular system, muscles, the heart, the kidneys, and the
reproductive organs (Kimelman, 2006). The outer ectoderm germ
layer gives rise to the central and peripheral nervous systems, hair,
skin, nails, the mouth, the nasal cavity, the lens of the eye and
various exocrine glands (Sasai and Robertis, 1997). Neurulation,
the formation of the neural tube from the folding in and fusion
of the neural plate then occurs, which is essential for brain and
spinal cord development (Copp et al., 2003).

Normal development occurs until sexual maturity at which
point the slow process of biological aging occurs at varying rates
in all cell, tissue and organ types. Aging has been described as a
progressive deterioration of physiological functions resulting in
increased risk of impairments, disease and mortality (Strehler,
1977). Genomic instability, Telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication have been
described as “hallmarks of aging” and likely all contribute to the
aging phenotype (Lopez-Otin et al., 2013). Apoptosis has long
been known to be essential for the formation and preservation
of tissue patterning (Meier et al., 2000). Somewhat unexpectedly,
senescence has been proposed to also play roles in development
of the placenta (Rajagopalan and Long, 2012; Chuprin et al,,
2013) and embryo (Davaapil et al., 2017), functioning mainly
in tissue remodeling (Nacher et al., 2006; Mufoz-Espin et al,
2013; Storer et al., 2013; Zhao et al., 2018; Gibaja et al., 2019) and
beginning early in evolution (Villiard et al., 2017), but how this
occurs is not yet fully understood.

Stem Cells in Development

Stem cells are defined by their ability of unlimited self-renewal
and the capacity to divide into differentiated cells of developed
tissues (Reya et al., 2001). Following fertilization, the zygote
is composed of “totipotent stem cells,” meaning its cells can
divide and differentiate into all cell types of the organism and
extraembryonic tissues (Seydoux and Braun, 2006). Next, after
blastulation occurs, the ICM develops the naive epiblast which
gives rise to “pluripotent embryonic stems cells" (ESCs) (Wu
et al., 2016). Pluripotency is a property of cells that allows them
to give rise to cells of all three germ layers of the developing
embryo, but not the extraembryonic structures (Wu et al., 2016).
Cells that give rise to particular germ layers are “multipotent
stem cells” (Alison et al., 2002). Multipotent stem cells include
hematopoietic stem cells (HSC), mesenchymal stem cells (MSC),
and neural stem cells (Caplan, 1991; Bhatia et al., 1997; Gage,
2000). They can produce a limited set of differentiated cells
of a specific tissue type or organ. “Unipotent stems cells”
are only capable of dividing into a single stem cell type. For
this reason, they are often called committed progenitor cells
(Alison et al., 2002). Adult stem cells exist in different tissues
throughout the mature mammal and remain undifferentiated,
allowing them to help in tissue regeneration and replenishment
(Wagers and Weissman, 2004). In mammals, a molecular mark of
the totipotent cells that arise following fertilization is widespread

DNA demethylation (Guo etal., 2014; Baker and Pera, 2018).
Maintenance of pluripotent ESCs is governed and marked by
the expression patterns of key transcription factors including
OCT3/4, SOX2, NANOG, Klf4, and c-Myc (Nichols et al., 1998;
Avilion et al., 2003; Chambers et al., 2003; Takahashi et al., 2007;
Angeles et al., 2015).

The Hox Gene Family Is Central to

Mammalian Development

Hox gene family members are crucial to mammalian
development. They code for transcription factors that determine
the anteroposterior (AP) patterning of bilateral organisms during
development (Garcia-Fernandez, 2004). Vertebrates have 39
Hox genes, that due to gene duplications, are organized into
four gene clusters, HoxA, HoxB, HoxC, and HoxD, on separate
chromosomes (Lappin et al., 2006; Mallo et al., 2010). Hox genes
are activated in a 3/ to 5" direction, resulting in early developing
structures having an anterior identity controlled by 3’ Hox
genes, and later formed structures having a posterior identity
developed mainly under the control of 5 Hox genes (Forlani
et al., 2003). During embryogenesis in mammals, Hox genes are
expressed in all three germ layers, the endoderm, mesoderm
and ectoderm (Krumlauf, 1994). The expression of Hox genes
directs axial positioning of these developing embryonic tissues
(Mallo et al., 2010).

The activation of Hox gene expression domains is controlled
by processes that take place at the same time as the formation
of the primitive streak during embryogenesis. Initiation of Hox
gene transcription is controlled by signaling molecules including
Wnt3, Wnt3a, FGF3, FGF8, and Retinoic acid (Bel-Vialar et al.,
2002; Manzanares et al., 2002; Walshe et al., 2002; Weisinger
et al.,, 2010; Schulte and Frank, 2013). Wnt signals regulate the
formation and functioning of the primitive streak, and thus have
been suggested to play a role in the forward anterior spreading
of Hox gene expression (Forlani et al., 2003). Wnt signaling is
required for expression of Hox genes involved in the developing
nervous system of vertebrates. Specifically, Wnt3a signaling is
important in hindbrain and spinal cord development through its
role in Meis and Hox gene activation (Schulte and Frank, 2013).
Similarly, FGF3 and -8 signaling molecule expression is present
in the developing nervous system of all vertebrates, and PG2-3
Hox gene expression is dependent on FGF ligands (Walshe et al.,
2002; Schulte and Frank, 2013). Retinoic acid (RA) is involved
in regulating expression of PG1-4 Hox genes (Bel-Vialar et al,,
2002). To function in embryonic development, Hox genes often
rely on interactions with the Hox cofactors, TALE homeodomain
proteins (Moens and Selleri, 2006). The vertebrate genome codes
for the Meis/Prep and PCB TALE homeodomain protein families
which are comprised of Meis1-3, Prepl-2, Tgifl-2, and Pbx1-4
proteins, respectively (Schulte and Frank, 2013).

Hox genes encode homeodomain transcription factors,
that activate or repress target genes involved in vertebrate
development by binding Hox-response enhancers (Pearson et al.,
2005). Several Hox genes are involved in establishment of
the distinct vertebral column segments from the mesodermal
tissue along the neural tube (Deschamps and van Nes, 2005).
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Interestingly, in vitro in melanocytes, Hox10A has been shown
to act with cofactors, Meisl and PBX1 TALE homeobox
transcription factors to activate Cdknla which encodes p21,
leading to growth arrest, potentially connecting Hox proteins to
apoptosis and/or senescence (Bromleigh and Freedman, 2000).

EPIGENETICS IN MAMMALIAN
DEVELOPMENT

Epigenetics can be broadly described as the changes made to an
organism’s hereditary material which result in alterations of gene
expression without changes to the DNA sequence (Goldberg
et al., 2007). There are several types of epigenetic regulation
that affect gene expression, using covalent modifications of
DNA or core histones to produce inactive heterochromatin or
active euchromatin in mammals (Li, 2002). DNA methylation,
the addition of a methyl group to a cytosine nucleotide by a
DNA methyltransferase (DNMT) enzyme, usually results in
gene silencing, due to transcriptional repression at the promoter
region (Das and Singal, 2004). There are many inhibitors of
DNMTs that effect the cell cycle. The drug Atorvastatin, inhibits
cell proliferation and induces apoptosis rat vascular smooth
muscle cells (VMCs) (Zhu et al., 2017). Atorvastatin inhibits
DNMT], reducing methylation in the p16 promoter, increasing
the activity of this tumor suppressor (Zhu et al., 2017). The
HMG box-containing protein 1 (HBP1) transcription factor, is
a repressor of DNMT1 that results in cellular senescence (Pan
et al., 2013). HBP1 has a dual transcriptional role in activating
senescence, through binding and repressing DNMT1 promoter
and binding to the activation element of p16 (Pan et al., 2013).
The repression of DNMT1 and decreased methylation of pl6
promoter also increases expression of p16, inducing senescence
(Pan et al, 2013). The DNA methyltransferase inhibitors
(DNMTis), 5-azacytidine and 5-aza-2'-deoxycytidine, have
differing cellular responses in tumor cells (Venturelli et al., 2013).
5-azacytidine induces p53-dependent cell senescence indicated
by an increase in senescence-associated marker B-galactosidase
(SA-B-gal) senescence associated heterochromatin foci (SAHF),
and induction of senescence-associated secretory phenotype
(SASP) which are markers of senescent cells (Venturelli et al.,
2013). However, 5-aza-2'-deoxycytidine induces apoptosis,
through the activation of executioner caspases 3 and 7 and
downregulation of p53 (Venturelli et al., 2013). Another form of
epigenetic regulation is histone-post translational modification
(PTM). The tails of histones that localize to the outside edges
of nucleosomes can undergo various modifications such as
acetylation, methylation, phosphorylation, ubiquitylation and
sumoylation, among others (Bannister and Kouzarides, 2011).
PTM’s help regulate chromatin structure, recruit other chromatin
remodeling enzymes, and influence transcription, DNA repair,
and replication. Substitution of the four core histones, H2A,
H2B, H3, and H4, with histone variants changes the composition
of chromatin and is an important epigenetic mechanism
(Henikoff and Smith, 2015). Histone variants include CENP-A,
H3.3, H2A X, H2A.Z, macroH2A, and H2A.B. ATP-dependent
nucleosome remodeling is another form of epigenetic regulation,

in which ATP-dependent protein complexes use energy from
ATP hydrolysis to change the interactions of histones with the
DNA by relocating nucleosomes, thus altering gene expression
(Vignali et al, 2000). The four families of SWI-like ATP-
dependent chromatin remodeing complexes, SWI/SNE, ISWI,
CHD, and INOB80, reposition nucleosomes, making DNA more
or less accessible for transcription (Ho and Crabtree, 2010). Short
and long non-coding RNAs impose another form of epigenetic
regulation that usually results in gene silencing (Peschansky and
Wabhlestedt, 2013). For example, Xist RNA, a long non-coding
RNA is essential in X chromosome inactivation in females during
mammalian development (Wei et al., 2016) and many different
microRNAs affect the levels of numerous mRNAs. Epigenetic
modifications have frequently been implicated in both apoptosis
and senescence (Moskalev et al., 2014).

The Epigenetic Clock of Aging and

Effects on Development

The epigenetic clock of aging refers to findings that specific sites
of DNA methylation generally negatively correlate with biological
aging (Hannum et al,, 2013; Horvath, 2013). Additionally, as
organisms age, “epigenetic drift” occurs where methylation
patterns are not stably maintained following repeated rounds
of DNA repair and replication (Veitia et al., 2017). In
mammals, DNA methylation patterns established by de novo
and maintenance DNA methyl transferases (DNMT’) are
essential for embryogenesis (Goll and Bestor, 2005). Between
zygote formation and blastocyst formation, both sets of
chromosomes undergo demethylation, except imprinted genes
whose methylation marks are preserved (Kafri et al, 1992).
Following implantation, DNA methylation levels increase in
the primitive ectoderm, which forms the whole embryo, but
methylation patterns are not established in cells that form the
extraembryonic tissues, the primitive endoderm and trophoblast
(Chapman et al., 1984). The study done by Okano et al. (1999)
demonstrated the importance of DMNT’s in embryogenesis as
mice null for Dnmt3b, died between embryonic day 14.5 and 18.5
and showed multiple developmental defects. Although the closely
related Dnmt3a was not found to be essential for early embryonic
development, Dnmt3a null mice died in early development at
around 4 weeks (Okano et al., 1999), highlighting the importance
of such epigenetic mechanisms for development.

Histone Post Translational Modifications
(PTMs) in Development

Early stages of mammalian embryonic development entail
development of the totipotent zygote into a nearly hundred
cell blastocyst. The pluripotent inner layers of the blastocyst
known as the trophoblast eventually give rise to all cell
lineages of the fully matured mammal and have unlimited
self-renewal (Wu et al., 2016). Following blastula formation,
the naive epiblast develops from the ICM, which gives rise
to all pluripotent ESCs. The chromatin of pluripotent stems
cells is mainly in an open euchromatin state resulting in
transcriptional hyperactivity (Efroni et al., 2008; Gaspar-Maia
et al, 2010). Pluripotency of stem cells during embryonic
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development is controlled by various epigenetic regulators.
Histone PTM’s, DNA methylation patterns established by
DNMTs, Histone methylation patterns established by histome
methyl transferases (HMTs) and histone demethylases (HDMs),
histone acetylation patterns through histone acetyltransferase
(HAT) and histone deacetylase (HDAC) activity, and chromatin
remodeling by ATP-dependent chromatin remodeling complexes
all influence ESCs (Gaspar-Maia et al., 2010). Pluripotent ESCs
have many epigenetic marks characteristic of active chromatin
such as H3K4me and acetylation of H3 and H4, compared to
differentiated cells (Gaspar-Maia et al., 2010). HDMs maintain
the low level of H3K9me3 and H3K27me seen in undifferentiated
ESCs (Gaspar-Maia et al., 2010). DNMTs establish methylation
of CpG islands at promoter regions of repressed genes needed
for differentiation of ESCs, making up around 30% of genes in
these cells (Fouse et al., 2008). The ATP-dependent chromatin-
remodeling enzymes CHD1 and esBAF and the TIP60-p400
complex maintain the open euchromatin state of ESCs and
repress genes required for their differentiation and loss of
pluripotency, respectively (Ho and Crabtree, 2010).

SENESCENCE

Senescence is defined as a phenomenon in which cells enter
a state of permanent cell cycle arrest. The first observation of
cell senescence was reported by Hayflick and Moorhead while
trying to culture primary cells for an extended period of time
for the purpose of making viral vaccines. They observed that
primary human fibroblasts stop dividing after a certain number
of passages that was variable, dependent on the particular donor
(Hayflick and Moorhead, 1961) and described it as replicative
senescence. Replicative senescence was later attributed to a
decline in telomere length that occurred during both in vitro
culturing and in vivo aging (Levy et al., 1992). Senescence was
also found to be induced prematurely by activation of the ras
oncogene in primary human cells which was negated by the
activation of the p53/Rb/p16 pathways (Serrano et al., 1997).
This type of senescence, termed oncogene-induced senescence
(OIS) demonstrated the potential role of senescence as an anti-
cancer mechanism designed to suppress proliferation of cells with
oncogenic mutations. Senescence can also be induced by many
additional stresses that affect numerous biological processes
including oxidative stress, replication stress and notably DNA
damage- induced stress shown in Figure 1.

Initially senescence was thought of only as a mechanism
that contributed to various forms of morbidity associated with
aging including immuno-senescence, impaired wound healing,
impaired gastrointestinal function, and bone loss and frailty,
inter alia (Strehler, 1977). While this remains widely accepted,
a solely beneficial mechanism was later proposed in which
senescence served as a first line of defense against cancers by
limiting their growth (Campisi, 2003). However, very recent
studies have also begun to link senescence with the emergence
of cancer due to the effects of senescent cells on local tissue
microenvironments through the secretion of a complex mixture
of proinflammatory factors termed the senescence-associated

secretory phenotype (SASP). The SASP consists of inflammatory
cytokines, growth factors, chemokines, and proteases. While the
SASP helps promote recognition and clearance of senescent cells
by phagocytosis in the short term, long term secretion has a
variety of age-related deleterious effects (Xue et al., 2007). In
a landmark study, SASP from senescent cells co-cultured with
tumor cells was shown to promote tumor progression (Coppe
et al., 2008). Moreover, a cascade effect involving prolonged
exposure to SASP inducing senescence in nearby fibroblasts via
an ROS/DNA damage mechanism has also been reported (Nelson
et al., 2012). Soluble signaling factors are major components
of the SASP, the most prominent of which is interleukin-
6 (IL-6). Recent evidence suggests a role of the GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) in
SASP regulation. This is initiated by recognition of senescence
induced cytosolic DNA by cGAS which in turn activates the
STING pathway resulting in production of SASP (Gliick et al.,
2017). Dysregulation and continuous secretion of IL-6 leads
to autoimmune disorders and chronic inflammation. Chronic
inflammation has been implicated in numerous morbidities with
one of the relatively common ones being Arthritis. Links between
IL-6 and arthritis are clear and as a consequence Tocilizumab,
a humanized anti-IL-6 receptor antibody was FDA approved to
treat inflammation-induced arthritis (Grupp et al., 2013).

Since the first studies that reported deleterious effects of
senescent cells in vivo, efforts have been made to ameliorate
senescence-associated pathologies. The first study of this kind
used a drug activated FKBP-Caspase-8 fusion protein to induce
apoptosis and was driven by a pl6 promoter, which is strongly
upregulated in senescent cells (Alcorta et al., 1996; Wong and
Riabowol, 1996). This removal of senescent cells was shown
to increase health span and delay age-related disorders in a
progeroid model of accelerated mouse aging (Baker et al., 2011).
This led to the later discovery of the first “senolytic” compounds
that can selectively target and eliminate senescent cells: Quercetin
and Dasatinib (Zhu et al., 2015). Another study found that
the antiapoptotic protein BCL2 that is upregulated in senescent
cells to block apoptotic cell death can be targeted by inhibitors
such as Navitoclax to deprotect and eliminate senescent cells
(Zhu et al., 2016). A Dasatinib- Quercetin combination is now
in Phase 2 trials after Phase 1 results showed the potential
to decrease the senescent cell burden in human patients with
diabetic kidney disease (Hickson et al., 2019). At present there
are over a dozen candidate senolytics undergoing clinical trials
in varying phases, and the development of increasingly sensitive
methods to identify senescent cells (Gonzalez-Gualda et al., 2020)
should allow accurate determination of the efficacy of promising
senolytics. A, recent 2020 study used constitutively expressed
knock-in system that targets p16™i8h cells to show that removal
of particular population of senescent cells could be detrimental.
The cell population identified in this study was the pletish
vascular endothelial cells in liver sinusoids (LSECs).With age,
this particular population of cells are increasingly relied on for
detoxification and are not replaced upon removal (Grosse et al.,
2020). However, the study also showed that while administration
of senolytic cocktail Dasatinib 4+ Quercetin removed p16'ish
macrophages, it did not affect the p16M8" LSECs. Hence
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FIGURE 1 | Different senescence induction methods and molecular pathways involved. A variety of stresses such as oncogene, oxidative damage, DNA damage,
normal replication and development can induce senescence via either p53-induced expression of p21, p16 expression or both, converging to block Rb inactivation,

going forward, much more work needs to be done regarding
understanding the deleterious/beneficial functions of crucial sub-
populations of senescent cells, especially with novel senolytics
already in clinical trials.

Senescence in Development:

Contributions of p53

p53, popularly known as guardian of the genome (Lane, 1992)
is an essential tumor suppressor that responds to a variety of
stresses by activating numerous pathways that lead to cell cycle
arrest, senescence, and apoptosis. The essential nature of p53 is
clear by the fact that it is mutated in more than half of the human
cancers. p53 induced cell cycle arrest was initially discovered
in rat embryo fibroblasts using a temperature sensitive mutant
(Martinez et al., 1991). P53 induced cell cycle arrest was found
to be mediated by p21 which inhibits CDK 2/4 and results in
a GI1 cell cycle arrest state (Harper et al., 1993). This prevents
phosphorylation of Rb, which binds to E2F1 transcription factor

and promotes silencing of E2F1 targets necessary for cell cycle
progression. p53 induced cell cycle arrest is critical for senescence
and knocking out p21 has been shown to prevent this senescence
induction (Brown et al., 1997).

Senescence is now appreciated to promote organismal aging
and cancer development through effects of the p53 tumor
suppressor. This idea was solidified by knockout studies of
p53 in mice that showed a lack of developmental defects with
the main cause of mortality arising from spontaneous tumor
formation (Donehower et al., 1992). However, other studies
at the time such as knockout of MDM2 that functions to
tag p53 for degradation had shown early embryonic lethality
due to unchecked p53 activation (Jones et al., 1995). Further
studies with mutated forms of p53 in mice which results in
CHARGE syndrome, a complex mixture of eye, heart, nasal
cavity, growth, genital, and hearing abnormalities, have suggested
that precise spatio/temporal regulation of Tp53 is essential for
normal development (Nostrand et al., 2014). The nearly normal
development of Tp53-null mice could be due to compensatory
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roles by other p53 family proteins such as p63 and p73. This is
consistent with studies in Xenopus laevis which lacks the p63 and
p73 homologs, where p53 knockout results in severe gastrulation
defects and early lethality (Wallingford et al., 1997). While p53
knockout alone does not result in embryonic lethality in mice,
p53-deficient female mice embryos show an 8-23% occurrence of
exencephaly due to failed neural tube closure (Armstrong et al.,
1995; Sah et al., 1995). Developmental defects of the eye, upper
incisor tooth formation, and polydactyly of the hind legs were
also seen at high occurrence in p53 null mice. Lower fertility
is also observed in p53 knockout mice, due to abnormalities in
spermatogenesis or embryonic implantation difficulties (Beumer
et al., 1998; Hu et al, 2007). p53 is also essential for proper
differentiation and development of specific tissues (Molchadsky
etal., 2010). p53 fulfills this role though regulating genes required
for differentiation programs of neuronal cells, osteoblasts,
myocytes, adipocytes and B cells, ensuring proper timing and
function of differentiation and development (Molchadsky et al.,
2010). p53 clearly plays a functional role in development,
however, the described phenotypic abnormalities are less crucial
to sustaining life than expected by p53’s essential role as a tumor
suppressor (Jain and Barton, 2018).

Senescence in Development:
Contributions of p21

p21 is a cyclin-dependent kinase inhibitor and one of the
major effectors of p53. However, p21 can also be activate
independently of p53 especially in developmental senescence.
p21 binds to PCNA resulting in G1/G2 cell cycle arrest
(Luo et al,, 1995; Cayrol et al., 1998). While earlier studies
suggested p2lacts solely as a tumor suppresser, recent studies
also suggest that p21 can promote oncogenicity under certain
conditions (Roninson, 2002). The CDK inhibitory domain and
PCNA binding domains of p21 are responsible for its main
growth inhibition characteristics (Chen et al., 1995; Luo et al.,
1995). CDK2 inhibition by p21 results in prevention of RB
phosphorylation which is necessary for E2F activation and leads
to cell cycle arrest (Harper et al., 1993). A variety of structures
such as apical ectodermal ridge (AER), neural roof plate,
mesonephros, and inner ear endolymphatic sac show certain
hallmarks of senescence during the course of normal mammalian
embryonic development (Mufioz-Espin et al., 2013; Storer et al,,
2013). This developmentally programmed senescence is p21
dependent and unlike other types of senescence such as DNA-
damage induced senescence, it is not mediated by p53, but rather
regulated by the TGF-B/SMAD and PI3K/FOXO pathways.
Developmentally programmed senescence is mainly involved
with tissue remodeling, which is executed by macrophages that
infiltrate and clear senescent cells. In addition to playing a role in
inducing cell cycle arrest and senescence, another major role of
p21 in development is the prevention of apoptosis. This is partly
due to upregulated anti-apoptotic BCL-2 protein family members
in senescent cells (Chang et al., 2016; Zhu et al., 2016). In the
mesonephric tubules of p21 null mice embryos, developmentally
programmed senescence halts, however, induction of apoptosis
takes place the following day which also results in macrophage

infiltration followed by clearance of these cells (Mufioz-Espin
et al., 2013; Storer et al, 2013). This has led some to suggest
that apoptosis and senescence are mutually compensatory
mechanisms in mammalian embryonic development, despite
being temporally distinct. However, apoptosis does not appear to
fully compensate for the absence of developmental senescence.
p21 induced senescence plays an important role in the regression
of the dorsoventral vaginal septum in female mice. In p21 null
female mice, an impaired development of Wolffian duct leads
to increased incidence of vaginal septa and decreased fertility
(Mufoz-Espin et al., 2013; Storer et al., 2013), suggesting an
indirect effect of decreased senescence during development.
It will be interesting to see whether future studies confirm
the role of p21 induced senescence in other aspects of
mammalian development.

Senescence in Development:
Contributions of Rb

Retinoblastoma is a tumor suppressor which plays a which plays
a pivotal role in cell cycle regulation and tumor progression. The
retinoblastoma gene was the first tumor suppressor to be cloned
and was a pivotal moment in the field of cancer genetics (Lee
et al., 1987). Rb was identified as the protein mutated in the
childhood cancer retinoblastoma, and subsequently found to act
in a recessive manner, requiring both copies of the Rb gene to be
mutated to promote aberrant cell growth (Knudson, 1971). Rb’s
role in cell proliferation was first established by its discovery as a
primary target of DNA tumor virus oncoproteins (Whyte et al.,
1988). Another important discovery was that overexpression of
Rb caused a GI cell cycle arrest (Goodrich et al.,, 1991). This
was later shown to be a result of Rbs interaction with the E2F
family of transcription factors (Dyson, 1998). Rb/E2F pathway
functions by recruiting chromatin remodeling factors such as
histone deacetylases (HDACs) to repress gene expression (Luo
et al, 1998). This was shown to be negatively regulated by
CDK mediated phosphorylation of Rb which prevents its binding
with E2Fs and HDACs (Harbour and Dean, 2000). Rb tumor
suppressor is the primary effector of senescence. Once Rb is
fully activated during senescence, it has been speculated that cell
cycle arrest becomes permanent and can no longer be reversed
by inactivation of Rb or p53. Rb was found to be activated in
senescent cells and its enforced expression was found to induce
senescence (Lee et al., 2000; Ferbeyre et al., 2002). Moreover,
senescence induction by ras oncogene and DNA damaging agents
is prevented by adenovirus E1A which targets Rb (Lowe and
Ruley, 1993; Serrano et al., 1997). Cells lacking Rb also fail to
achieve senescence in vitro (Dannenberg et al., 2000; Sage et al.,
2000). Knockout or homozygous mutation of the Rb gene is
embryonically lethal, blocking development between days 13.5
and 15.5 in mice (Jacks et al., 1992). Defects prior to death
of the mice include an increase in the number of immature
nucleated erythrocytes, inhibition of hepatic erythropoiesis,
ectopic proliferation, and apoptosis especially in the hindbrain
and death of spinal ganglia (Clarke et al., 1992; Jacks et al., 1992;
Lee et al., 1992). The lethal developmental defects of Rb ablation
in neurogenesis and hematopoiesis are reversed by insertion
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of an Rb mini transgene into Rb mutant mice. In embryonic
development, loss of Rb has also been shown to cause extensive
proliferation of trophoblast cells, damage to the normal labyrinth
architect of the placenta, and a decline in vascularization and
functional placental transport (Wu et al., 2003).

Retinoblastoma not only plays a role in mammalian
development but is also crucial in preventing cancer
throughout the lifecycle. Inactivation of Rb can occur through
phosphorylation, mutation or viral oncoprotein binding leading
to malignant phenotypes (Giacinti and Giordano, 2006). Tumors
such as osteosarcomas, small cell-lung carcinomas, breast
carcinomas, bladder carcinomas, and glioblastomas have been
identified to lack functional Rb, indicating homozygous gene
mutations or gene absence contributes to the development
of these cancers (Yokota et al.,, 1988; Horowitz et al., 1990;
Venter et al., 1991; Borg et al., 1992; Nielsen et al., 1997). The
antagonistic pleiotropy theory of aging described initially by
Williams (1957) states that early in life, genes are selected for that
increase the organism’s fitness, however, they have deleterious
effects later in life, contributing to the decline in function
described as aging. Apoptosis and senescence have both been
thought to display antagonistic pleiotropy through their ability
to suppress tumor growth and cancer, but consequently promote
an aging phenotype (Campisi, 2003).

APOPTOSIS

Although the process of programmed cell death was first
described by Carl Vogt in 1842 while studying tadpole
development, the term apoptosis was first used by Kerr et al.
(1972) to describe controlled, programmed cell death, and with
cells exhibiting distinct changes in morphology.

Apoptosis plays a crucial role in clearing redundant, irregular
or dangerous cells, while regulating growth, development and
the immune response. Cells undergoing apoptosis form apoptotic
bodies, through condensation of their cytoplasm and nucleus,
DNA fragmentation, loss of cell-cell adhesion, and blebbing of
the cell membrane (Kerr, 1971). Apoptotic bodies are quickly
phagocytosed by macrophages or neighboring cells, resulting
in relatively low levels of inflammation, in contrast to necrosis
(Reed, 2000). Once Apoptosis is initiated, it is carried out
through the activation of a caspase-cascade, a series of cystine-
aspartic proteases (D’Arcy, 2019). The caspases selectively cleave
target proteins, either activating or inactivating them to promote
cell death (Hengartner, 2000) in response to cell damage and
during development.

Apoptotic Pathways

There are two major pathways used to activate the caspase
cascade, the death receptor-mediated (extrinsic) pathway, and the
mitochondria-mediated (intrinsic) pathway shown in Figure 2.
In non- apoptotic cells, caspases exist in an inactive zymogen or
procaspase form (Budihardjo et al., 1999). The extrinsic pathway
activates the caspase cascade, through binding of death ligands
to the tumor necrosis factor superfamily (TNF) of cell surface
death receptors. Fas, TNF receptor 1 (TNFR1), Death receptor

3 (DR3), DR4/TNF-related apoptosis-inducing ligand receptor 1
(TRAIL-R1), and Dr5/TRAIL-R2 are mammalian death receptors
involved in inducing extrinsic apoptosis (Ashkenazi and Dixit,
1998). Each death receptor is able to bind a specific death ligand;
Fas binds FasL, TNFR1 binds TNE, DR3 binds Apo3L, and DR4
and DR5 both bind Apol2. The Fas and TNFR1 death receptors
both contain a death domain (DD) that they use to recruit
adaptor molecules upon ligand binding. Fas-associated protein
with death domain (FADD) and TNF- receptor associated death
domain (TRADD) bind with their complementary death domain
(DD) to Fas and TNFRI, respectively. The cytoplasmic side of
the death receptor and it’s corresponding adaptor protein make
up the death-inducing signal complex (DISC) (D’Arcy, 2019).
The adaptor proteins also contain a death effector domain (DED)
that is responsible for recruiting procaspase- 8 and procaspase-
10 through their own DED’s to the DISC for activation by
proteolytic cleavage. Two separate pathways are regulated by
active initiator caspases-8 and -10. The initiator caspases cleave
the downstream executioner caspases, caspase-3, caspase-6, and
caspase-7, activating and allowing them to transform the cell
into an apoptotic body (Singh et al., 2019). Caspase-8 can also
activate the intrinsic pathway involving mitochondria, through
cleavage of BID, which initiates apoptosome formation, activating
caspase-9, thus activating the executioner caspases.

The intrinsic apoptosis pathway is activated by stimuli such as
irradiation, chemotherapy, deprivation of cytokines, and growth
factors or DNA damage (Igney and Krammer, 2002). These
stimuli cause the increased transcription and/or posttranslational
modification of BH3-only proteins (BIM, PUMA, BID, BMF,
BAD, BIK, NOXA, and HRK) that suppress the activity of cell
survival BCL-2 proteins (Aubrey et al, 2017). Inhibition of
the pro-survival proteins allows the release of BCL-2 family
member proteins BAX and BAK that function to produce
mitochondrial outer membrane permeabilization (MOMP),
allowing the release of cytochrome C, and SMAC/DIABLO into
the cytosol. Cytochrome C binds to apoptotic protease activating
factor 1 (APAF1) forming the apoptosome, where caspase-
9 is activated (Igney and Krammer, 2002). Active caspase-
9 cleaves and activates the executioner caspases (caspases-
3,6,7) that induce the hallmark characteristics of apoptotic
cells. The SMAC/DIABLO protein functions to inhibit the
inhibitors of apoptosis proteins (IAPs), allowing apoptosis to
occur through both pathways (Igney and Krammer, 2002).
Additionally, unresolved Endoplasmic Reticulum (ER) stress can
lead to the induction of apoptosis. ER stress is caused by increased
rates of misfolded proteins above the load capable of being
handled by chaperones including heat shock proteins (Tabas and
Ron, 2011). In mammals, misfolded proteins activate the ER-
specific unfolded protein response (UPR), which contains three
branches that are transduced by upstream signaling molecules,
IRE1, PERK, and AFT6 that sense ER stress (Tabas and Ron,
2011). If the UPR fails to restore proper ER function it will
switch to a pro-apoptotic function (Szegezdi et al, 2006).
IREL, PERK, and AFT6 all induce the transcription of CHOP
(Szegezdi et al, 2006). IRE1 also recruits apoptosis signal-
regulating kinase 1 (ASK1), which signals JNK, a protein
kinase (Szegezdi et al., 2006). JNK and CHOP suppress the
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anti-apoptotic properties of BCL-2 proteins (Szegezdi et al.,
2006). Bax and Bak are then expressed and subsequently
activate the caspases that directly initiate apoptosis (Szegezdi
et al., 2006). ER stress also induces senescence through the
AFT6 branch of the UPR (Druelle et al., 2016). ATF6 was
shown by Druelle et al. (2016) in normal human dermal
fibroblasts to be important for controlling the increase in
SA-B-Gal activity, the cell morphological changes associated
with senescence and the ER expansion associated with the
senescent phenotype (Druelle et al, 2016). AFT6 upregulates
the COX2/PGE, intracrine pathway, which contributes to
the induction and maintenance of the senescent phenotype
(Cormenier et al., 2018).

Another form of cell self-destruction is autophagy. In
mammals, autophagy is the mechanism where cytosolic
components of a cell are delivered to the lysosome for
degradation and the products can be recycled and used
as building blocks for biosynthetic reactions or for energy
production (Mizushima and Komatsu, 2011). Interestingly,
autophagy not only plays a role in cell destruction, but also
functions in maintaining stemness. Garcia-Prat et al. (2016)
demonstrated that as mice age their muscle stem cells lose their
autophagy ability, causing the accumulation of damaged cellular
components, with cells senescing and losing their properties

of stemness (Garcia-Prat et al., 2016; Tabas and Ron, 2011;
Szegezdi et al., 2006; Druelle et al., 2016; Cormenier et al., 2018;
Mizushima and Komatsu, 2011).

Apoptosis in Development

In mammals and other vertebrates, apoptosis is crucial for the
formation and maintenance of tissue patterning (Meier et al.,
2000; Zakeri et al., 2015) and is important for the development of
the central nervous system (Naruse and Keino, 1995; Washausen
etal, 2018) in a segmental manner (Lumsden et al., 1991; Knabe
et al,, 2004) including the optic system (Knabe and Kuhn, 1998;
Knabe et al., 2000) as noted in Figure 3. The formation of the
neural tube from the neural plate is thought to be the first critical
developmental stage in the CNS aided by apoptosis. Caspase 3
and 9 knockout mice display defective brain development due
to excess neuroepithelial cells, while a knockout of caspase 8
affects cardiac muscle development and erythropoiesis (Kuida
et al., 1996, 1998; Hakem et al., 1998; Varfolomeev et al., 1998).
Caspase 3 mutant mice are born at a lower fequencey than
expected by mendelian genetics and most die shortly after birth,
due to caspase 3’ required role in brain development (Woo
et al., 1998). Similarly, caspase 9 deficient mice die prenatally
due to their inability to activate the caspase 3 executioner
caspase, resulting in perturbations of brain morphology. Caspase
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programmed cell senescence in tissue remodeling of different types (Munoz-Espin et al., 2013; Storer et al., 2013; Zhao et al., 2018).

8 knockout mice are also embryonic lethal as caspase 8 absence
obstructs apoptosis induction by TNF death receptors resulting
in abnormal phenotypes. Additionally Caspase-8C362S/C362S
mice are also embryonic lethal (Fritsch et al., 2019). Mice lacking
Apaf-1, a key component of the apoptosome, showed reduced
apoptosis in the developing brain, causing hyperproliferation
of neurons and craniofacial irregularities (Yoshida et al., 1998).
Apaf-1 deficient mice also had persistence of interdigital webs,
abnormalities of the lens and retina, and an inability to activate
caspase 3, leading to death at embryonic day 16.5 (Cecconi
et al., 1998). Less than 10% of mice deficient in Bak and Bax
survived and had birth defects such as imperforate vaginal
canals, interdigital webbing and excess brain cells (Lindsten et al.,
2000). As well, only 2% of Bok, Bax and Bak knockout mice
survived to weaning with non-lethal abnormalities (Ke et al.,
2018). These observations confirm the importance of apoptosis
for normal development.

Apoptosis plays a role in sculpting structures in vertebrates,
through the deletion of cells between developing digits as well
as deletion of cells to form hollow structures (Jacobson et al.,
1997). Structures are formed during development that later do
not serve a purpose and are thus removed by apoptosis such

as removal of the rudimentary lateral line system of aquatic
vertebrates, from mice (Washausen and Knabe, 2018). These
structures also include ones needed by only one sex, vestigial
structures, and structures only needed for certain developmental
stages. Apoptosis eliminates pronephric tubules in mammals, but
not in amphibians or fish where they form functional kidneys.
The Wolffian and Mullerian ducts are only required in male and
female reproductive systems, respectively, and are eliminated by
apoptosis in the opposite sex (Meier et al., 2000). Cells may be
over produced during embryonic development, and apoptosis
helps to control this. During mammalian development, apoptosis
also aids in quality control, through removal of irregular, non-
functional or dangerous cells, and preventing birth defects and
cancer (Jacobson et al., 1997).

Different apoptosis regulatory proteins are expressed variably
throughout mammalian development. In early embryonic
development of mice, BCL-2 is extensively expressed in all germ
layers, but its expression declines during maturation. Norvak and
Korsmeyer found that in endodermal epithelial cells of the lung
bud, Bcl-2 is expressed in a proximal to distal gradient at E12.5
and increases by day E18.5. In mesodermal tissues, the uterine
bud and metanephric cap of the kidney, Bcl-2 is expressed at
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E 12.5 (Novack and Korsmeyer, 1994). Retinal neuroepithelial
cells derived from the ectoderm show uniform expression of
Bcl-2 up until differentiation, then a topographic distribution
is established that persists throughout maturation. As predicted,
Bcl-2 is only present in regions of cell survival such as the digital
zones of the developing limb, and its expression is absent in
the interdigital zones where cells die before the end of fetal
development. Bcl-2 expression decreases in the central nervous
system following neural tube formation but remains highly
expressed in the peripheral nervous system (Merry et al., 1994).
Caspase 3 has been shown to be highly expressed in the brain
during embryonic and early post-natal development, but this
declines at 4 weeks postnatal and its absence remains throughout
aging (Shimohama et al., 1999). These changes in expression
correlate well with the removal and maintenance of various
structures during development. Table 1 details a summary of
developmental phenotypes of transgenic mice associated with
apoptosis/senescence related genes.

DUAL FUNCTIONS OF p53, Rb, AND
ING1 IN SENESCENCE AND APOPTOSIS

The p53 protein can induce senescence followed by apoptosis
in cells with unrepairable damage (Amundson et al, 1998).
p53’s ability to activate apoptosis was clear when thymocytes
in p53 knockout mice were shown to be resistant to apoptosis
induced by radiation or other stimuli that cause DNA damage
(Clarke et al., 1993; Lowe et al., 1993). Cells undergoing p53-
dependent apoptosis normally proceed through the intrinsic
pathway. The BH3-only proteins PUMA and NOXA are direct
targets of p53 for upregulated transcription and expression
leading to the induction of apoptosis (Oda et al., 2000; Nakano
and Vousden, 2001). BAX and BID are also direct targets of
p53, and their expression is upregulated during p53-dependent

apoptosis (Toshiyuki and Reed, 1995; Sax et al., 2002). In addition
to its function as a transcription factor, p53 acts also acts
in the cytoplasm, binding to anti-apoptotic, pro-cell survival
BCL-2 proteins (BCL-2 and BCL-x), which releases the pro-
apoptotic proteins, BAX and BAK to carry out MOMP, and
subsequently the rest of apoptosis (Schuler and Green, 2005).
APAF-1, the protein required for apoptosome formation is also
a transcriptional target of p53 during apoptosis (Moroni et al.,
2001). In cells undergoing apoptosis induced by hypoxia, p53
has been found to target and upregulate the death receptor Fas
(Liu et al., 2006). The p53 apoptosis pathway is also activated by
the loss of Rb function, to remove cells lacking this protective
anti-tumor mechanism (Morgenbesser et al., 1994). p53 mediated
apoptosis might also act to prevents birth defects (Norimura
et al, 1996). When pregnant mice with p53~/~ embryos were
exposed to ionizing radiation, there was a high rate of birth
defects (70%) and low rate of embryonic lethality (7%) compared
to wildtype p53*/* embryos that had 60% embryonic death,
and only 20% of offspring with birth defects. p53 is thought
to prevent birth defects through eliminating abnormal cells,
however, if too many cells are removed through apoptosis
the embryo dies.

Depending upon the stage of the cell cycle, Rb can have
an anti-apoptotic or pro-apoptotic function (lanari et al,
2009). Rb plays an anti-apoptotic role in cells present in
GO0/G1 (non-proliferating), by suppressing EF2 transcription
factors, which typically contribute to apoptosis progression by
transcriptionally activating p73 and caspase-7 (laquinta and
Lees, 2007). In contrast, in proliferating cells, Rb acts as a pro-
apoptotic regulator in the presence of stressors that cause DNA-
damage. Under these conditions Rb is phosphorylated resulting
in the formation of the pRB-E2F1- P/CAF complex which is
active at pro-apoptotic gene promoters (lanari et al, 2009).
Figure 3 shows an overview of both post and pre developmental
roles senescence and apoptosis plays in mammalian systems.

TABLE 1 | Summary of transgenic mice developmental phenotypes with knockout or knock-in of key genes involved in apoptosis and senescence.

KO mice type Pathway effected Developmental phenotype References

p21~/~ Senescence Impaired development of Wolffian duct, apical ectodermal ridge, = Munoz-Espin et al., 2013; Storer et al.,
and decreased fertility in female mice 2013

p53~/= Senescence Tumour formation 8-23% of female mice develop exencephaly. Donehower et al., 1992; Armstrong et al.,
Defects in eye, upper incisor tooth, and polydactyl of hind legs. 1995; Sah et al., 1995; Beumer et al.,
Low fertility 1998; Hu et al., 2007

Rb—/~ Senescence Embryonic lethal Jacks et al., 1992

Ing1=/— Apoptosis Reduced size, increased Bax expression, and DNA damage Kichina et al., 2006; Coles et al., 2007
induced apoptosis

Bax~/~ and Bak~/~ Apoptosis Less than 10% survive to weaning, and have birth defects Lindsten et al., 2000
including imperforate vaginal canal, interdigital webbing, and
excess brain cells

Bok~/~, Bak=/~, and Bax~/~ Apoptosis 2% survived to weaning with non-lethal abnormalities Ke et al., 2018

Caspase-3~/~ Apoptosis Excess neuroepithelial cells, death shortly after birth Kuida et al., 1996; Hakem et al., 1998;

Woo et al., 1998

Caspase 97/~ Apoptosis Defective brain development, death shortly after birth Kuida et al., 1998

Caspase-8~/— Apoptosis Embryonic lethal Varfolomeev et al., 1998

Caspase-8¢3626/C3626 Apoptosis Embryonic lethal Fritsch et al., 2019

Apaf-1=/~ Apoptosis Embryonic lethal Cecconi et al., 1998; Yoshida et al., 1998

Apoptosis and senescence are clearly crucial processes involved in development, as these knockouts show birth defects or premature death.
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The ING (“INhibitor of Growth”) tumor suppressors are also
capable of inducing both senescence and apoptosis, largely by
their effects on the p53 and Rb pathways. The first report of ING1
affecting apoptosis came from study of P19 teratocarcinoma cells
where serum starvation caused increased expression of ING1
and consequent induction of apoptosis that appeared to occur
in collaboration with c-Myc (Helbing et al., 1997). The ability
of INGI to induce apoptosis in response to UV-induced DNA
damage was dependent upon the PCNA-interacting Protein (PIP)
motif of ING1 (Scott et al, 2001) while the ability of both
INGland ING2 to efficiently induce apoptosis via p53 depends
largely on their polybasic regions that bind the bioactive stress-
induced phospholipid phosphatidyl inositol 5'-monophosphate
(Gozani et al., 2003). Both ING1 and ING2 are stoichiometric
members of the Sin3a histone deacetylase complex (Doyon et al.,
2006) and directly affect p53 acetylation at lysine residues 373
and/or 382 (Kataoka et al., 2003), activating it as a growth
inhibitor and inducer of apoptosis. ING1 was also shown to be
required for the full ability of p53 to block cell growth (Garkavtsev
et al., 1998) and this was later determined to be a consequence of
INGI1 stabilizing p53 by multi/mono-ubiquitination, preventing
the polyubiquitination and subsequent proteosome- dependent
degradation of p53 (Thalappilly et al., 2011). ING1 also promoted
p53 accumulation in response to oncogenic stress (Abad et al.,
2007). Like p53, ING1 can promote apoptosis through effects
at the mitochondria of fibroblasts by interacting with Bax (Bose
et al., 2013) and in melanoma cells in response to UV induced
DNA damage, ING1 promoted p53-induced Bax expression to
alter mitochondrial membrane potential and induce apoptosis
(Cheung and Li, 2002). Links between ING proteins and cell
senescence were also apparent since knockdown of either ING1
(Garkavtsev and Riabowol, 1997) or ING2 (Pedeux et al.,
2005) that are both components of the Sin3a HDAC complex
extends cell replicative lifespan, delaying senescence. In contrast,
the INGla splicing variant of ING1 that increases ~10-fold
during cell senescence (Soliman et al., 2008) induces senescence
much more rapidly than other stresses (Rajarajacholan and
Riabowol, 2015) via disrupting endocytosis that activates the
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Programmed cell senescence is a cellular process that seems to contribute to embryo
development, in addition to cell proliferation, migration, differentiation and programmed
cell death, and has been observed in evolutionary distant organisms such as mammals,
amphibians, birds and fish. Programmed cell senescence is a phenotype similar to
stress-induced cellular senescence, characterized by the expression of the cell cycle
inhibitors p21CIP1/WAF and p16/NK4A increased activity of a lysosomal enzyme with
beta-galactosidase activity (coined senescence-associated beta-galactosidase) and
secretion of growth factors, interleukins, chemokines, metalloproteases, etc., collectively
known as a senescent-associated secretory phenotype that instructs surrounding
tissue. How wide is the distribution of programmed cell senescence during mouse
development and its specific mechanisms to shape the embryo are still poorly
understood. Here, we investigated whether markers of programmed cell senescence
are found in the developing mouse spinal cord and notochord. We found discrete
areas and developmental windows with high senescence-associated beta galactosidase
in both spinal cord and notochord, which was reduced in mice embryos developed
ex-utero in the presence of the senolytic ABT-263. Expression of p21CIPT/WAF \yas
documented in epithelial cells of the spinal cord and the notochord, while p16/NK4A
was observed in motoneurons. Treatment with the senolytic ABT-263 decreased the
number of motoneurons, supporting their senescent phenotype. Our data suggest that a
subpopulation of motoneurons in the developing spinal cord, as well as some notochord
cells undergo programmed cell senescence.

Keywords: Cdkn1a/p21CP1/WAF Cdkn2a/p16'NK4A | spinal cord, notochord, endothelial cells, motoneurons, mouse
development

INTRODUCTION

Embryonic development is achieved by strongly coordinated mechanisms of cell migration,
proliferation, differentiation and programmed cell death. Recently, programmed cell senescence
was identified as an additional process that controls mouse development (Munoz-Espin et al.,
2013; Storer et al., 2013). The presence of programmed cell senescence has also been reported
during specific structures and windows of amphibian, chick and fish development, suggesting
that programmed cell senescence contributes to vertebrate organogenesis and may have arisen in
evolution as a developmental mechanism (Storer et al., 2013; Davaapil et al., 2017; Da Silva-Alvarez
et al., 2020).
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Senescence in Developing Nervous System

The development of the spinal cord and the differentiation
of motoneurons are intensively studied due to its importance
in organismal physiology and as in search for therapeutic
targets for diseases such as amyotrophic lateral sclerosis. During
the development of the spinal cord, the roof plate and the
floor plate, located in the dorsal and ventral regions of the
neural tube, regulate the dorsoventral patterning of different
neuron populations by expressing WNT and BMP proteins
dorsally, and SHH ventrally (Chizhikov and Millen, 2004; Placzek
and Briscoe, 2005). Interestingly, discrete populations of floor
plate cells have been identified along the anteroposterior axis,
suggesting a variable mode of floor plate induction (Placzek and
Briscoe, 2005). Adjacent to the ventral neural tube is located
the notochord, a rod-like mesodermal structure that runs the
anterior-posterior length, which becomes the rostrocaudal axis.
The notochord is a source of developmental signals, such as the
Hedgehog proteins, that play key roles in the patterning and
proliferation of several organs (Corallo et al., 2015). As a result
of signaling gradient of molecules secreted from the notochord
and the floor plate, different progenitor cells located in the dorso-
ventral axis of the neural tube give rise to VO0-3 interneurons and
motoneurons (Davis-Dusenbery et al., 2014).

In the developing spinal cord, blood vessels sprout from
the perineural vascular plexus and invade the spinal cord at
the ventral side. The motoneurons play an active role during
blood vessel formation in the spinal cord by expressing vascular
endothelial growth factor (VEGF) to allow blood vessel growth,
but at the same time express a soluble VEGF receptor to titrate
the availability of the growth factor in order to pattern the
vasculature and block premature ingression of vessels by an
attraction-repulsion mechanism (Himmels et al., 2017).

During the development of the spinal cord, motoneurons are
produced in excess and compete for supply of trophic factors
produced by synaptic targets. Approximately half of the initially
produced motoneurons undergo programmed cell death due to
lack of trophic support (Oppenheim, 1989). Programmed cell
death occurs mainly by apoptosis in the developing embryo;
however, while the lack of caspase-3 or caspase-9 results in
obvious and severe forebrain malformations, the organization
and morphology of the spinal cord appears normal at embryonic
and postnatal stages (Oppenheim et al., 2001). Such lack of
an obvious phenotype in caspase-3 or caspase-9 knockout
mice may be due to a compensation mechanism of remaining
caspases (Buss and Oppenheim, 2004), although it is also possible
that genetic elimination of apoptosis is masked by alterative

Abbreviations: ANOVA, Analysis of Variance; BCL-Xp,, B-cell lymphoma-extra
large; p21CIPV/WAF Cyclin-dependent kinase inhibitor 1A; CDKN1B/p27, Cyclin-
dependent kinase inhibitor 1B; p16™NK4A, Cyclin-dependent kinase inhibitor 2A;
CDKN2B/p15, Cyclin-dependent kinase inhibitor 2B; CQ, Chloroquine; CTRL,
Control; DMEM, Dulbecco’s Modified Eagle Medium; DMEM/F12, Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12; DMSO, Dimethyl Sulfoxide;
ERK1/2, Extracellular signal-Regulated Kinases 1 and 2; FP, Floor plate; IN,
Interneurons; LC3, Microtubule-associated protein 1A/1B-light chain 3; MEFs,
Mouse Embryonic Fibroblasts; MN, Motoneurons; PBS, Phosphate-Buffered
Saline; PECAM, Platelet Endothelial Cell Adhesion Molecule; PI3K/FOXO,
Phosphoinositide-3-Kinase/Forkhead box O; RP, Roof plate; SA-B-gal, Senescence-
associated beta-galactosidase; SDS, Sodium Dodecyl Sulfate; SEM, Standard Error
of the Mean; TGF-, Transforming Growth Factor beta.

mechanisms to eliminate cells such as autophagic cell death and
programmed senescence. In fact, dying neurons in caspase-3
and caspase-9 deficient embryos exhibit a different morphology
with cell shrinkage, increased cytoplasmic and nuclear density,
and very little chromatin condensation(Oppenheim et al., 2001).
A former work showed that reactive oxidative species signal to
induce motoneuronal cell elimination by a caspase-independent
mechanism, as the number of motoneurons was higher in
developing spinal cords explants cultured in the presence of
a superoxidase dismutase-catalase mimetic than with caspase
inhibitors (Sanchez-Carbente et al., 2005).

While autophagy is primarily a survival mechanism frequently
activated to eliminate damaged proteins and organelles, evidence
shows that autophagy contributes to programmed cell death for
example during the Drosophila larval salivary glands regression
(Tracy and Baehrecke, 2013), and the elimination of the
interdigital web during limb development (Arakawa et al., 2017).
Since the number of motoneurons increased in spinal cord
explants cultured in the presence of the PI3K inhibitor LY294002,
it was suggested that autophagy contributes to eliminate
supernumerary motoneurons during spinal cord development,
in a mechanism that occurs without DNA fragmentation (i.e.,
TUNEL negative) (Sanchez-Carbente et al., 2005). Therefore,
alternative mechanisms occur simultaneously to adjust the
number of motoneurons during spinal cord development, and
programmed cell senescence could be one of them.

Cellular senescence is characterized by a durable exit from
the cell cycle and acquisition of a flattened morphology;
expression of the cell cycle inhibitors pl6™K4A (coded by
Cdkn2a gen), p21°""1/WAF (coded by Cdknla gen), and/or p53;
expansion of mitochondrial and lysosomal networks; and a
high level of senescence-associated-f-galactosidase activity (SA-
B-gal). Senescent cells are metabolically active and influence
the tissue microenvironment through their secretory phenotype
(chemokines, cytokines, growth factors, metalloproteases, etc.)
(Czarkwiani and Yun, 2018). During development, programmed
cell senescence contributes to tissue remodeling in structures
such as the mesonephros, endolymphatic sac and apical
ectodermal ridge in mice, but it still has to be understood how
they help to shape the embryo. Programmed cell senescence
could cooperate with programmed cell death to eliminate
transient structures and adjust the final number of cells,
and could also secrete developmental signals. Mechanistically,
programmed cell senescence depends on the p21C¢IPl/WAF
cell cycle inhibitor and is regulated by the TGF-B/SMAD,
PI3K/FOXO and ERK1/2 pathways (Munoz-Espin et al., 2013;
Storer et al, 2013). In amphibians also TGF-B triggers
programmed cell senescence, although it is independent of
ERK1/2 pathways (Davaapil et al., 2017). In contrast to other
non-proliferating states as senescence or terminal differentiation,
quiescence is a reversible cell cycle exit that takes place in
cells that require a strict proliferation regime, such as stem
cells. Molecularly, the transcriptional repressor HES1 safeguards
against irreversible cell cycle exit during cellular quiescence, and
prevents senescence (Sang et al., 2008; Sueda et al., 2019).

Senescent cells activate several prosurvival pathways and
become resistant to extrinsic and intrinsic proapoptotic stimuli
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(Kang, 2019). Members of the BCL-2 family, specifically
antiapoptotic BCL-X, and BCL-W, are essential for the survival
of senescent cells (Hernandez-Segura et al, 2018). Thus,
an approach to eliminate senescent cells for therapeutic or
experimental purposes involves compounds, referred to as
senolytics, that can specifically induce senescent cells to die.
Compounds discovered so far include ABT-263 (Navitoclax),
which inhibits different members of the BCL-2 family of
antiapoptotic proteins (Chang et al., 2016; Yosef et al., 2016;
Hernandez-Segura et al, 2018). This senolitic has been used
to demonstrate the presence of programmed cell senescence in
zebrafish (Da Silva-Alvarez et al., 2020).

Here we investigated whether there are cells undergoing
programmed senescence during mammal spinal cord and
notochord development. We found in the roof plate, floor plate,
motoneuron zone, and notochord, cells with high SA-B-gal
activity. Several cells in the notochord and endothelial cells in the
spinal cord also expressed the tumor suppressor p21“IP1/WAF; yye
did not find motoneurons expressing p21°"PV/WAF byt we did
observe that a subpopulation of motoneurons express pl16™NK4A
and not the quiescent marker HES1. Supporting their senescent
nature, a subpopulation of motoneurons was eliminated by
the senolytic drug ABT-263. It is tempting to speculate that
programmed cell senescence cooperate with programmed cell
death to regulate the motoneuronal population during spinal
cord development.

MATERIALS AND METHODS

Timed Mating and Open-Book

Preparations of Spinal Cords

Mice used in the present study were handled and cared according
to the animal care and ethics legislation. All procedures were
approved by the Internal Committee of Care and Use of
Laboratory Animals of the Institute of Cell Physiology- UNAM
(IFC-SCO51-18). Mice had ad libitum access to water and food.
Estrous cycle of female CD1 mice was monitored by vaginal
lavage examination. Females in proestrus or estrus were placed
in cages with fertile males overnight. The following morning
(9:00a.m.) was considered as embryonic day 0.5 (E0.5) if a
vaginal plug was found. On days E10.5 to E14.5, dams were
killed by cervical dislocation, and the uterus was washed in PBS.
Embryos were dissected under a stereoscopic microscope. For
open-book preparations, spinal cords were dissected from E12.5
to E14.5 embryos, opened dorsally and freed from meninges.

SA-B-Gal Assay

SA-B-gal assay was performed as described elsewhere (Debacq-
Chainiaux et al, 2009). Whole embryos from stages E10.5
and E11.5, or open book preparations from spinal cords from
E12.5 to E14.5 were washed twice in PBS and fixed 5min
with 2% formaldehyde plus 0.2% glutaraldehyde in PBS at
room temperature. Reaction was performed by incubating
embryos at 37°C overnight in reaction solution containing
1 mg/ml X-gal, 40mM citric acid/sodium phosphate buffer
pH 6.0, 5mM potassium ferrocyanide, 5mM potassium
ferricyanide, 150 mM sodium chloride, and 2mM Magnesium
chloride. After SA-B-gal assay, spinal cords were fixed with

4% paraformaldehyde for 20min. Some samples were
used to perform immunofluorescence after fixation with
4% paraformaldehyde.

Immunofluorescence

Whole embryos or dissected spinal cords were fixed in
PBS containing 4% paraformaldehyde for 30min at room
temperature, washed twice with PBS, and cryoprotected
overnight with 30% sucrose in PBS. Embryos were cryosectioned
by embedding in Tissue-Tek® O.C.T., histological sections of
40 wm were obtained using a Leica Cryostat and mounted on
Superfrost plus slides. Sections on slides were washed three times
with PBS for 5 min each time followed by permeabilization with
0.5% Triton™ X-100 in PBS for 30 min at room temperature.
Afterwards, tissue sections were blocked with 2% Bovine
Serum Albumin in PBS for 1h and then incubated overnight
at 4°C with the following antibodies: ISLET-1 (1:200, abcam,
ab109517), HES1 (1:200, Santa Cruz, sc-25392), F4/80 (1:200,
abcam, ab6640), BCL-X; (1:50, Santa Cruz, sc-1690), PECAM
(1:50, BD Pharmingen, 550274), ISLET-1 (1:25, DSHB, 40.2D6),
Ki67 (1:500, abcam, ab15580), and p21“P1/WAF (1:100, abcam,
ab109199). Next day, secondary antibodies Alexa Fluor® 488
anti-rat (Invitrogen, A21208), Alexa Fluor® 488 anti-mouse
(Invitrogen, A11029), Alexa Fluor® 488 anti-rabbit (Invitrogen,
A11034), Alexa Fluor® 594 anti-rabbit (Invitrogen, A11037
Alexa Fluor® 647 anti-rabbit (Jackson Immuno Research,
711-606-152) or Alexa Fluor® 546 anti-rat (Invitrogen, A11081)
were incubated at a dilution of 1:500 in 2% BSA for 1h at
room temperature. For pl6™K#A (1:150, Santa Cruz, sc-1661)
antigen retrieval with citrates buffer was performed before
permeabilization/blocking step with 0.5%7Tween/5%BSA and
0.1% H,0,. Slides were mounted with Fluoromount-G™
(Electron Microscopy Sciences, 1798425), and images were
collected in a LSM800 (Zeiss) confocal microscope. All images
were collected with 1 Airy Unit aperture of pinhole. The
acquisition of SA-B-gal images by confocal microscopy was
performed as described elsewhere (Levitsky et al.,, 2013). The
primary and secondary antibodies were incubated in presence
of detergents, 0.1% Tween/0.25%Triton and 0.1%Tween,
respectively. For quantification of motoneurons, embryos
were cultured ex-utero as described below and processed for
immunofluorescence using the motoneuron marker ISLET-1.
Confocal microscopy images of cervical cross-sections were
collected using the EC Plan-Neofluar 20x/0.50 M27 or Plan-
Apochromat 40x/1.3 Oil DIC (UV) VIS-IR M27 objectives. CZI
files were opened in the Fiji software, and ISLET-1*"-cells in the
motoneuron zone were manually counted using the Multi-point
tool. A single confocal plane per embryo was used for ISLET-17-
cell quantification. Data was quantified was analyzed as indicated
in the statistical analysis section.

DNA-Damage Induced Senescence in
Mouse Embryonic Fibroblasts and Live
Dead Assay

Mouse embryonic fibroblasts (MEFs) from passages between
3 and 5 were plated at a density of 6,750 cells/cm? in
DMEM supplemented with 10% fetal bovine serum plus
antibiotic/antimycotic (Life Technologies, 15240062). Next day,
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aqueous solution of etoposide was added to a final concentration
of 120uM for 2h. Then, the medium was replaced with
etoposide-free DMEM plus fetal bovine serum. Cells were
cultured for 5 d at 37°C and 5% CO, without changing the
medium. Then, cells were treated for 20 h with 10 wM ABT-263
or equivalent concentrations of DMSO (0.2%) as vehicle-control.
After ABT-263 treatment cell viability was quantified using
the LIVE/DEAD™ Viability/Cytotoxicity Kit (ThermoFischer,
L3224). Briefly medium was replaced with serum-free medium
containing 1 wM calcein and 1 M ethidium homodimer for
25min. Then, epifluorescent images were collected in live cells
using 50% glycerol in PBS as mounting medium. Live or dead
cells were quantified manually using the multi-point tool from
Fiji software.

Embryo Culture

Mouse embryos of E12 stage were cultured in a roller bottle
system using reported protocols (Takahashi and Osumi, 2010;
Kalaskar and Lauderdale, 2014). Uterus from pregnant mice were
dissected, washed twice in sterile PBS at 37°C, and transferred
to DMEM/F12 under a sterility hood. Embryos surrounded
by the intact yolk sac were detached from the placenta and
then freed from the yolk sac without separating it from the
embryo. Dissected embryos were transferred to culture medium
at 37°C consisting of KnockOut DMEM (Life Technologies,
10829018) containing 10% KnockOut Serum Replacement (Life
Technologies, 10828028), N-2 supplement (Life Technologies,
17502048), 2% bovine serum albumin suitable for cell culture
(RMBIO BSA-BAF-25G), and antibiotic/antimycotic (Life
Technologies, 15240062). Embryos were pre-cultured in rolling
bottles in an incubator at 37°C with continuous flow of 95%
02/5% CO;. Then, good heart rate and blood circulation was
verified under a stereoscopic microscope for culturing the
embryos for additional 15h in the presence of the autophagy
inhibitor spautin-1 (SIGMA, SML0440) or the senolytic ABT-263
(Chemgood, C-1009). Equivalent concentrations of DMSO were
included as control conditions to exclude vehicle effect.

Western Blot

As LC3-1I is not detectable in lysates of embryonic spinal cord by
Western blot, it was enriched by preventing its degradation with
chloroquine, added to culture medium to a final concentration of
100 wM during the last hour of embryo culture. The spinal cords
were dissected with meninges and total lysates were obtained
using a buffer consisting of 68.5mM Tris HCI at pH 6.8, 2%
SDS, and protease inhibitors cOmplete™ULTRA tablets (Sigma
5892791001). Lysate was cleared using a pestle sonicator for 10s
at 30% cycle, and centrifuging at 10,000 g for 10 min at room
temperature. Protein was quantified using the DC™-protein
assay kit (Bio-Rad, 5000112) using bovine serum albumin as
standard. Protein was subjected to electrophoresis, transferred
to a PVDF-FL membrane and analyzed using the LC3 antibody
(MBL, PD014 at 1:2000 dilution overnight at 4°C) or anti-B-actin
(Santa Cruz, sc-47778 at 1:10,000 for 1 h at room temperature).
Secondary antibodies (IRDye® 800CW Goat anti-Rabbit (LI-
COR, 92632211)and IRDye® 680RD Goat anti-Mouse IgG (LI-
COR, 92568070) were diluted 1:10,000 and incubated for 1h

at room temperature. Bands were visualized in an Odyssey®
CLx Imager, and quantified with the Image Studio Lite Version
5.2 software.

Statistical Analysis

Data are plotted as mean =+ standard error of the mean. One-
way ANOVA followed by Bonferroni’s multiple comparisons test
was performed using GraphPad Prism version 6.01 for Windows,
GraphPad Software. *P < 0.05, **P < 0.01, ***P < 0.001.

RESULTS

SA-B-gal Activity Is Observed in
Motoneurons and Phagocytic Cells of the
Developing Spinal Cord

To search for the presence of programmed cell senescence in the
mouse developing spinal cord, colorimetric detection of SA-fB-
gal was performed. Cross-sections of E10.5 and E11.5 embryos
showed a dynamic SA-f-gal activity. While at E10.5 no signal
was detectable in the neural tube, and only a faint signal was
detected in the notochord, at E11.5a strong signal was observed
in the notochord; accordingly, SA-B-gal activity has also been
observed in the chicken notochord (Lorda-Diez et al., 2015). We
also observed SA-B-gal activity in the floor plate and the ventral
area of the neural tube, where the motoneurons are located
(Figure 1A). We then analyzed the pattern of SA-B-gal activity
in open-book preparations of spinal cords from E12.5 to E14.5
embryos. Interestingly, the enzymatic activity observed in the
floor plate and motoneuron zone gradually decreased from the
rostral region toward the caudal region as development advanced
(Figure 1B). Note that in the medulla oblongata there is a cluster
of cells positive for SA-p-gal activity (arrowheads, Figure 1B).
To demonstrate that the staining of SA-p-gal overlaps with
the motoneuron zone, the motoneuron marker ISLET-1 was
immunodetected in cross-sections of E11.5 embryos previously
stained for SA-B-gal and analyzed by confocal microscopy. As
expected, the SA-B-gal activity overlaps with the motoneuron
columns, but not with the interneurons, which also express
ISLET-1. Importantly, SA-B-gal activity was confirmed in the
floor plate (Figure 1C). Interestingly, in open-book preparations
of E13.5 spinal cords we observed that the SA-B-gal in the
medulla oblongata also overlaps with motoneurons located there
(Figure 1D, upper row), as well as in the spinal cord (Figure 1D,
lower row). Since macrophages have high lysosomal activity
(Hall et al., 2017), it could be possible that all the SA-B-gal
activity we observed could be produced by phagocytic cells,
given the occurrence of phagocytosis during development to
clear apoptotic cells generated by programmed cell death, and
possibly to clear also senescent cells. To estimate the abundance
of macrophages, we investigated whether the cells displaying SA-
B-gal activity also express the activated macrophage/microglia
marker F4/80. As shown in Figure 1D, very few macrophages
were found in the medulla oblongata, and while in the spinal
cord macrophages clearly showed strong SA-f-gal activity, we
detected SA-P-gal activity around cells expressing ISLET1 but not
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FIGURE 1 | Transient and region-specific SA-B-gal activity in the mouse embryonic spinal cord and notochord. (A) Whole embryos from E10.5 and E11.5 were

stained for SA-B-gal activity and cross-sectioned at the position indicated with dotted line in embryos shown in the lower row. Notice that the notochord (NT,

arrowheads), the floor plate (FP) and the ventral neural tube where motoneurons develop have high SA-B-gal activity at E11.5. Scale bars represent 100 um. (B)
(Continued)
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per immunofluorescence.

FIGURE 1 | Open-book preparations of spinal cords from E12.5 to E14.5 were subjected to SA-B-gal activity assay. SA-B-gal activity is strongly detected in the floor
plate and at lower extent in the region corresponding to motoneurons of the spinal cord (s.c.). Arrowheads indicate SA-B-gal positive cells in the medulla oblongata
(m.o.). (C) Whole E11.5 embryos were stained for SA-B-gal activity, thoracic sections were obtained and processed for immunodetection of ISLET-1. Confocal
analysis shows that SA-B-gal activity overlaps with the motoneuron (MN) zone and the floor (FP) plate, while interneuron (IN) cells that also express ISLET-1, do not
display SA-B-gal activity. Maximal projections are shown. Scale bars represent 100 wm. (D) Open-book spinal cord of stage E13.5 were stained for SA-B-gal activity
and then subjected to whole-mount immunofluorescence against ISLET-1 and F4/80. Cells positive for ISLET-1 in the medulla oblongata (upper row) correspond to
cells indicated with white arrowhead in (B). Detection of SA-B-gal activity by confocal microscopy combined with immunodetection of motoneurons (ISLET-1) and
activated macrophages (F4/80) shows that these two cell types display SA-B-gal activity both in the medulla oblongata (upper row) and spinal cord (lower row).
Maximal projections are shown. Scale bars represent 100 pm. Representative images are shown from at least three embryos or dissected spinal cords analyzed

F4/80, indicating that both macrophages and motoneurons have
SA-B-gal activity in the developing spinal cord.

The Cell Cycle Inhibitor p21CP1/WAF |g
Expressed in Endothelial Cells of the
Developing Spinal Cord and Some Cells in
the Notochord, and p16'NK4A |s Expressed

in Motoneurons

To corroborate the senescent phenotype in cells in the
embryonic spinal cord and notochord, we analyzed whether
the senescence marker p21CP1/WAF was also expressed. First,
we confirmed the specificity of our antibody by analyzing
the apical ectodermal ridge, a structure known to express
p21CIPI/WAE 45 part of the developmentally programmed cell
senescence (Storer et al., 2013). Accordingly, cells in this
structure indeed showed immunoreactivity against this antibody
(Supplementary Figure 1A). Then, cross-sections from E10.5
and E11.5 embryos were analyzed for the expression of
p21CIP/WAE " Notably, p21CIPU/WAF was expressed in several
parts of the embryo, including the spinal cord (Figure 2A) and
the notochord, where it was located mainly in the cytoplasm
(Figure 2B). We could not find motoneurons with a clear
expression of p21CIP1/WAF in the spinal cord (Figure 2C), which
was surprising since some of them had high SA-B-gal activity
(Figures 1C,D). We identified as endothelial cells (expressing
PECAM) the subpopulation of cells in the spinal cord that
expressed p21CIPY/WAF (Figure 2C). Endothelial cells in the
medulla oblongata and in areas of the forelimb and thorax
also expressed p21°"P1/WAF (Supplementary Figures 1B,C). As
cellular senescence is characterized by exit from the cell cycle
and lack of cell division, we analyzed the expression of the
proliferation marker Ki67. We found that only few cells along
the central canal of the spinal cord express Ki67, none in the
motoneuron zone (Figure 2D).

Even though it was reported the lack of expression of p1
during mammalian programmed cell senescence (Munoz-Espin
et al., 2013; Storer et al., 2013), senescent cells in the placenta
express pl6™NK4A (Gal et al, 2019), and in the developing
zebrafish programmed cell senescence is accompanied by
Cdkn2a expression (Da Silva-Alvarez et al., 2020). Therefore,
we investigated whether motoneurons undergoing programmed
cell senescence might express p16!NK4A instead of p21CIP1/WAF,
As shown in Figure 3A, we found abundant cells expressing
p16™K4A in the motoneuron zone, and indeed a subpopulation
of motoneurons also expressed pl6™NK*A, We verified that the

6INK4A

antibody used to detect p16™K4A provide a signal restricted to
programmed cell senescence, by immunostaining the limbs at
E12.5 (Figure 3B). We observed that only the apical ectodermal
ridge immunolabeled positive for p16™NK4A,

To distinguish quiescent cells from senescent cells, we
analyzed the expression of the transcriptional repressor HESI,
which prevents senescence establishment and irreversible cell
cycle exit in quiescent cells (Sang et al., 2008; Sueda et al.,
2019). Figure 4 shows that motoneurons identified by ISLET-
1 expression did not expressed HESI. Interestingly, we found
precisely defined domains of HES1 expression in the floor plate
of spinal cords at E10.5 (Figure 4, upper panel) and in the
roof plate at E12.5 (and Figure4, lower panel), which lack
p21CIPY/WAF expression (Figure 2B, E10.5). The finding that the
roof plate expressed HES1 at E12.5, a zone reported to undergo
programmed cell senescence (Storer et al., 2013), suggests that in
those areas there are both senescent cells and quiescent cells.

A Subpopulation of Embryonic
Motoneurons Are Sensitive to the Senolytic
Drug ABT-263

To confirm whether the subpopulation of motoneurons with
detectable SA-B-gal activity, and expressing p16™NK4A but not
HESI in the developing spinal cord were indeed senescent, we
tested their sensitivity to the senolytic ABT-263. To validate
our tools, we compared the toxicity of ABT-263 in proliferative
vs. senescent mouse embryonic fibroblasts. By quantifying the
number of live or dead cells, we confirmed that ABT-263
preferentially kills senescent cells (Supplementary Figure 2).
We then collected embryos at stage E12 and cultured them
for 15h to develop them ex-utero, either in the presence of
ABT-263 or vehicle only. Using serum-free medium, embryos
developed similarly to in vivo, as shown in Figure5A and
Supplementary Figure 3A. We found that embryos cultured
with ABT-263 resulted in decreased activity of SA-B-gal in the
spinal cord (Figure 5B), confirming that programmed senescent
cells are also susceptible to ABT-263. Since this senolytic acts by
inhibiting antiapoptotic BCL-2 family of proteins, we verified the
expression of BCL-Xy, in the motoneuron zone in the developing
spinal cord (Figure 5C). To specifically analyze whether ABT-
263 promotes motoneuron senescent cells death, the number of
ISLET-1 positive cells was quantified in embryos cultured with
ABT-263 compared with control or vehicle only conditions. As
shown in Figure 5C, exposure to ABT-263 eliminated a subgroup
of motoneurons. To verify that the reduction in motoneuron
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FIGURE 2 | The cell cycle inhibitor p21CIP1/WAF s expressed in the mouse embryonic spinal cord and notochord. (A) Endothelial cells express p21©P1/WAF  Brachial or
cervical sections from E10.5 and E11.5 embryos, respectively, were processed for immunodetection of p21©P1/WA™ and PECAM. Embryos of the two stages show
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FIGURE 2 | expression of p21C©P1/WAF in several organs, including the spinal cord. In the spinal cord, p21°IP1/WAF is expressed in endothelial cells labeled with
PECAM. Single confocal planes are shown. Scale bars represent 200 um. (B) p21°°1/WAF is expressed in some notochord cells. Sections of embryos from stages
E10.5 and E11.5 were processed as in (A). Notice that p21©P1/WAF is located in the cytoplasm of notochord (NT) cells, while it is absent in the floor plate (FP) from the
E10.5 embryo. Single confocal planes are shown. Scale bars 20 um. (C) p21°P1/WAF is expressed in PECAM-positive endothelial cells localized in the vessels that
surround the motoneuron column, but not in motoneurons themselves in the spinal cord of E10.5 embryos. White arrowheads indicate p21°P1/WAF _positive nuclei.
Single confocal planes are shown. Scale bars 20 um. (D) Only few cells along the central canal of the spinal cord of E10.5 embryos are proliferating, none in the
motoneuron zone. Embryos from E10.5 stage were processed for immunofluorescence against Ki67 in cervical sections. Single confocal plane is shown. Scale bars
represent 50 wm. Representative images are shown from at least 3 embryos analyzed per immunofluorescence.

ISLET-1 p e

E10.5

E12.5

w

DAPI

p16!NK4A Merge

E12.5

R

AE

FIGURE 3 | The cell cycle inhibitor p16™<4A is expressed in the mouse embryonic spinal cord and the apical ectodermal ridge. (A) Embryonic motoneurons express
p16NK#A Representative images of immunofluorescence analysis to detect ISLET-1 and p16™N<*A in cervical sections of embryos from stages E10.5 and E12.5 are
shown. The number of motoneurons decreases from E10.5 to E12.5 due to programmed cell death. Note that p16™K*A is expressed in abundant cells in this area,
several of them also express ISLET-1. At both stages p16™K*A is expressed in several motoneurons. Scale bars 30 uwm. (B) Cells of the apical ectodermal ridge (AER)
express p16™K4A, Forelimbs of stage E12.5 were sectioned as indicated in the diagram and processed for immunodetection of p16N<*A, Single confocal planes are
shown. Scale bars represent 20 um. Representative images are shown from at least three embryos analyzed per immunofluorescence.

number due to the ABT-263 treatment correlates with increased
cell death, pyknotic nuclei were quantified in the motoneuron
zone of the spinal cord and notochord. Indeed, ABT-263-treated
embryos showed a higher amount of pyknotic nuclei in the
motoneuron zone (Figure 6A, upper row and Figure 6B, left).
The number of pyknotic nuclei in the notochord also showed a

trend to increase (Figure 6A, lower row and Figure 6B, right).
All together, the data shown suggest that a subpopulation of
motoneurons undergo programmed cell senescence, perhaps
contributing to eliminate supernumerary motoneurons.
Previous observations have shown that in addition to
apoptosis other cellular processes might contribute to the
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FIGURE 4 | HES1 is expressed in some cells in the floor plate and roof plate in the developing spinal cord. Cross sections of E10.5 or E12.5 embryos (cervical or
thoracic, respectively) were analyzed for the expression of HES1 in the spinal cord. The floor plate (FP) of the E10.5 spinal cord contains cells with strong HES1
expression, but none was found in the motoneuron (MN) columns in E10.5 embryos. The roof plate (RP) of the E12.5 embryo also shows clear HES1 expression.
Maximal projections of four confocal planes are shown. Scale bars 100 um. Representative images are shown from at least three embryos anlalyzed.

programmed cell death of motoneurons, and cell death by
autophagy was proposed (Sanchez-Carbente et al., 2005).
To investigate whether autophagy signaling contributes
to motoneurons cell death, embryos collected at stage
E12 were cultured 15h in the presence of the autophagy
inhibitor spautin-1 (Liu et al., 2011) or vehicle only. Again,
embryos cultured in serum-free medium reproduced in
vivo development (Supplementary Figure 3A); autophagy
inhibition was corroborated by Western blot detection of
decreased LC3-II levels (Supplementary Figure 3B). As occurs
during normal development, the number of motoneurons
decreased during the course of the culture, reproducing the
in vivo developmental window of motoneurons programmed
cell death. We found that pharmacological inhibition of
autophagy did not prevent motoneurons programmed cell death
(Supplementary Figure 3C). This result suggests that autophagic
cell death does not contribute to establish the final number of
motoneurons during spinal cord development. In summary,
we observed that embryonic motoneurons are insensitive to
autophagy inhibition, but sensitive to the senolytic ABT-263,
suggesting that programmed cell senescence contributes to the
adjustment of motoneurons number. It would be necessary to
prevent motoneuron senescence establishment to test this idea.

DISCUSSION

The identification of programmed cell senescence as a
developmental process in amphibians, salamanders, fish,
birds and mammals, supports the notion that the senescent
program emerged during the evolution of vertebrates, and its
mechanism is conserved. It is fundamental to uncover the role

of programmed cell senescence during development, as well as
to decipher the molecular basis for cellular senescence induction
under developmental cues. As summarized in Figure 7, in this
work we found that several cell types acquired senescent features
in the spinal cord and notochord of embryos at developmental
stages E10.5 - E12.5.

It is important to consider that the finding of endothelial cells
of blood vessels with SA-B-gal activity and p21CIP1/WAF
expression needs cautious interpretation. Unlike the
programmed cell senescence that occurs in transient structures
that are eliminated during development, endothelial cells
remain in the blood vessels, where they become fundamental
components. Consistent with our data, previous studies have
shown that during endothelial cell differentiation two markers
of senescence are observed: p21¢PV/WAF that mediates the
cell cycle arrest necessary for endothelial cell differentiation
(Zeng et al., 2006; Marcelo et al., 2013), and SA-B-gal activity,
that occurs during differentiation of human prostate epithelial
cells (Untergasser et al., 2003). A report that elegantly linked
the concepts of senescence and differentiation was published
recently (Li et al., 2018). By using genetic lineage tracing, Li
and colleagues showed that in the apical ectodermal ridge at
mid-stage (E10.5-E13.5) there is a population of p21¢IP1/WAF
-positive and SA-B-gal-positive cells (i.e., senescent cells).
Interestingly, by late-stage (E15.5-E16.5) or after birth, a subset
of the previously senescent cells re-entered the cell cycle,
proliferated, exhibited epithelial fate and contributed to tissues
(Li et al., 2018). Thus, endothelial cells that express p21©IP1/WAF
in the developing spinal cord may engage in a senescent program
and nevertheless form the blood vessels later in development.

We found some cells in the notochord with SA-beta-gal
activity, expression of p21°TPV/WAF and possibly susceptible
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FIGURE 5 | The senolytic ABT-263 reduced SA-B-gal activity in the spinal cord and promotes motoneurons cell death during development. (A) Morphology of
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FIGURE 5 | similar growth compared to in utero development. Scale bar 5 mm. (B) Embryos of the E12 stage were cultured as in (A), stained for SA-p-gal, and
cross-sectioned. The treatment with ABT-263 resulted in a decrease of SA-g-gal activity in the motoneuron zone and floor plate. (C) Cervical cross-sections of
embryos at the beginning (to) or after 15 h cultured as in (A) were processed for immunofluorescence to detect BCL-X| and ISLET-1 expression. Single confocal
planes are shown. Scale bars 50 wm. Graph plots the quantification of motoneurons (ISLET-1 expressing cells). Each data point represents the number of cells
counted in the hemisection of a single embryo. Number of embryos per group: To = 4, CTRL n = 6, DMSO n = 5, ABT-263 n = 6. Data are plotted as mean + SEM;
significant differences were obtained by one-way ANOVA analysis followed by Bonferroni’s multiple comparisons test; “*p < 0.01; **p < 0.001.
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FIGURE 6 | Embryos exposure to the senolytic ABT-263 increased pyknotic nuclei. (A) Confocal images of the spinal cord showing the motoneurons and nuclei
(upper row), or the notochord (lower row) from embryos cultured with 10 wM ABT-263, vehicle (DMSO 0.2%) or control conditions. (B) Left: quantification of pyknotic
nuclei in the spinal cord. Each data point represents the number of pyknotic nuclei in the motoneuron zone of a single embryo. At least five embryos were analyzed.
Right: quantification of pyknotic nuclei in the notochord. Each data point represents the number of pyknotic nuclei in notochord. Number of embryos per group: CTRL
n=7,DMSOn =7, ABT-263 n = 10. Data are plotted as mean + SEM significant differences were obtained from one-way ANOVA followed by Bonferroni’s multiple
comparisons test. **p < 0.001.

While p21¢"P1/WAF jnhibits cell cycle when it is located in the
nucleus, in the cytoplasm it has an anti-apoptotic function due to

to the senolitic ABT-263 (Figure 6), supporting the senescent
nature of those few notochord cells. Given that the notochord

is a signaling center for the differentiation of neuron populations
of the spinal cord, perhaps the few senescent cells we observed
contribute to the secretion of developmental factors. We noticed
that p21°P1/WAF wvas found in the cytoplasm of notochord cells.

its ability to bind and inhibit the activity of proapoptotic proteins
(Karimian et al., 2016).

A contrasting observation was to find in the floor plate
and roof plate both SA-P -gal activity and HES1 (a quiescence
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\ b

FIGURE 7 | Summary of programmed cell senescence markers found in the mouse embryonic spinal cord and notochord. SA-beta-gal activity and expression of
p21CIP1/WAF were detected since stage E10.5 and through stage E12.5 in endothelial cells of blood vessels; p16™K4A expression was found in motoneurons, with lack
of expression of Ki67, a proliferation marker, and lack of HES1 expression, a quiescence maintenance factor. Notably, in the floor plate and roof plate both SA-B-gal
activity and HES1 expression were observed. We propose that in those regions there are both senescent cells and quiescent cells. In some notochord cells, SA-B-gal
activity and cytosolic expression of p21¢P1/WAF were found. Given that the notochord is a signaling center, perhaps the few senescent cells we observed contribute to
the secretion of development factors. In ex-utero development of E12 embryos, a subpopulation of motoneurons resulted sensitive to the senolytic ABT-263. We
propose that programmed cellular senescence cooperates with apoptosis to adjust the number of motoneurons during spinal cord development, and the transient
presence of senescent cells contributes to instruct the differentiation of neuronal populations and endothelial cells.
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maintenance factor) expression. One possibility is that in those
regions there are both senescent cells and quiescent cells.
Nevertheless, SA-B-gal activity could also occur in quiescent
cells expressing HES1 (Baek et al., 2006). To determine whether
indeed the same cell expressing HES1 had high SA-B-gal,
we attempted to detect both HES1 and SA-f-gal in the
same preparations, but it resulted in strong background and
nonspecific binding of the HES1 antibody, probably caused
by the fixation protocol for SA-B-gal. Other reports also show
that SA-B-gal is detectable in non-senescent cells such as
the yolk sac, visceral endoderm, and macrophages (Cristofalo,
2005; Yang and Hu, 2005; Huang and Rivera-Perez, 2014; Hall
et al, 2017). The activation of SA-fB-gal is also caused by

cellular differentiation induced by TGF-f (Untergasser et al.,
2003). Nevertheless, previous articles showed SA-B-gal in the
neural tube, and concluded that programmed senescence occurs
in the roof plate of the spinal cord (Munoz-Espin et al,
2013; Storer et al., 2013; Czarkwiani and Yun, 2018). Indeed,
p21CIPY/WAF _positive cells were detected in the closing neural
tube (Storer et al., 2013), but expression of p21¢IPI/WAF op
other cell cycle inhibitor was not shown in the roof plate.
Thus, we consider open the possibility that in addition to
senescence, quiescence can be accompanied by SA-B-gal in the
roof plate.

Given the transient nature of programmed cell senescence, as
they are eliminated by macrophages (Storer et al., 2013), cellular
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senescence could contribute to eliminate unwanted cells in
concert with programmed cell death. This presumed function is
supported by finding senescent cells during organ regression (i.e.,
the mesonephros), and in regions and developmental windows
where cell population is balanced (i.e., the endolymphatic sac
of the inner ear) (Da Silva-Alvarez et al,, 2019). In this work,
we observed that a subpopulation of motoneurons undergo
programmed cell senescence, revealed by SA-B-gal activity,
p16™K4A expression, lack of Ki67 and HESI expression, and
susceptibility to the senolytic ABT-263. Interestingly, senescent
motoneurons appear at a developmental window in which
supernumerary motoneurons are being eliminated. We propose
that programmed cell senescence cooperates with apoptosis
to adjust the number of motoneurons during spinal cord
development, either by secreting differentiation factors or
signals to be cleared by macrophages. In a similar way that
senescent cells in the apical ectodermal ridge reintegrated
into the tissue (Li et al., 2018), it could also occur that a
subpopulation of senescent motoneurons continues to fully
differentiate into postmitotic neurons and remain integrated in
the tissue.

To confirm a developmental role of senescent motoneurons,
we should be able to prevent the acquisition of the senescent
phenotype and observe a disruption of the developmental
pattern of the neural tube, or an increase in the total number
of motoneurons. Currently this experiment is not possible,
since TGF-B is the only signaling pathway described to induce
programmed cell senescence (Munoz-Espin et al., 2013) but it
has also a crucial role in neural tube development. So, if we
inhibit TGF-p pathway we won’t be able to distinguish the
developmental role of TGF-p from the role of senescent cells
per se. The fact that we detected pl16™NK*A expression (but
not p21°"P/WAF) in some motoneurons, opens the possibility
to analyze whether in the absence of p16™K*A motoneurons
senescence could be prevented. Cellular senescence mediated by
p16™K4A has also been observed during placenta development
(Gal et al, 2019), and Cdkn2a mRNA was detected in
programmed cell senescence in zebrafish (Da Silva-Alvarez et al.,
2020); it is possible, then, that different cell types undergoing
programmed cell senescence vary in the tumor suppressor gene
they expressed.

In summary, our findings allow us to speculate that (1) SA-
p-gal activation may occur during the quiescent phenotype of
the floor and roof plates, (2) endothelial cells are probably
engaged in a phenomenon of reversible senescence, (3)
a subpopulation of notochord cells become senescent and
could secrete morphogens, and (4) motoneuron programmed
senescence could contribute to the elimination of motoneurons
during spinal cord development. Further experiments will be
needed to test these hypotheses.
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Supplementary Figure 1| The cell cycle inhibitor p21©P1/WAT is expressed in
endothelial cells of the medulla oblongata and forelimb. (A) The specificity of the
p21CIP1/WAF antibody was validated by analyzing the expression of p21CGF1/WAF jn
the apical ectodermal ridge of a E12.5 embryo. The section area is indicated on
the diagram on the right. Single confocal planes are shown. Scale bars represent
20 um. (B) Cross-section analysis of the medulla oblongata from a representative
E12 embryo as indicated on the right. Confocal microscopy shows that
p21CIP1/WAF is expressed in endothelial (PECAM-positive) cells. In the upper panel
it is shown a low magnification, in the lower panel a higher magnification is shown.
Single confocal planes are shown. Scale bars represent 100 or 20 um. (C)
Expression of p21°F1/WAF in endothelial cells of the forelimb and thorax of a
representative E13.5 embryo. Single confocal planes are shown. Scale bars

100 pm.

Supplementary Figure 2 | In vitro validation of the senolytic effect of ABT-263.
Proliferative (non-senescent) and senescent MEFs were treated for 20 h with
ABT-263 at the indicated concentrations and the cytotoxic effect was determined
quantifying live and dead cells. Since 5 1M ABT-263 induced senescent
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fibroblasts death concomitant with a reduction of cells alive. We noticed a
decrease in the number of live non-senescent MEFs with 10 wM ABT-263,
although the number of dead cells was not affected. Each group was cultured in
triplicate wells, and five random fields in each well were used to count the number
of live or dead cells. Data are plotted as mean + SEM significant differences were
obtained from one-way ANOVA followed by Bonferroni’s multiple comparisons
test; *p < 0.05, **p < 0.01.

Supplementary Figure 3 | Pharmacological inhibition of autophagy does not
alter the amount of motoneurons. (A) Morphology of embryos dissected at E12
(to) and cultured for 15 h, in control medium, supplemented with vehicle only or
with 10 wM spautin-1. All culture conditions developed similar growth compared
to in utero development. Scale bar 5mm. Graph shows the weight gain of the
embryos after culture. Each dot represents an embryo (B) Treatment with
spautin-1 inhibits autophagy, as it results in a decrease of LC3-Il levels compared
to control (CTRL) or vehicle (DMSO). Western blot to detect indicated proteins
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During vertebrate embryonic development, cellular senescence occurs at multiple
locations. To date, it has been accepted that when there has been induction of
senescence in an embryonic tissue, p-galactosidase activity is detectable at a pH as high
as 6.0, and this has been extensively used as a marker of cellular senescence in vivo
in both whole-mount and cryosections. Such senescence-associated B-galactosidase
(SA-B-GAL) labeling appears enhanced in degenerating regions of the vertebrate embryo
that are also affected by programmed cell death. In this sense, there is a strong SA-
B-GAL signal which overlaps with the pattern of cell death in the interdigital tissue of the
developing limbs, and indeed, many of the labeled cells detected go on to subsequently
undergo apoptosis. However, it has been reported that B-GAL activity at pH 6.0 is
also enhanced in healthy neurons, and some retinal neurons are strongly labeled with
this histochemical technique when they begin to differentiate during early embryonic
development. These labeled early post-mitotic neurons also express other senescence
markers such as p21. Therefore, the reliability of this histochemical technique in studying
senescence in cells such as neurons that undergo prolonged and irreversible cell-
cycle arrest is questionable because it is also expressed in healthy post-mitotic cells.
The identification of new biomarkers of cellular senescence would, in combination
with established markers, increase the specificity and efficiency of detecting cellular
senescence in embryonic and healthy mature tissues.

Keywords: cell death, cell senescence, retina, development, histochemistry, limb

CELLULAR SENESCENCE

The study of cellular senescence was initiated by Hayflick and Moorhead (1961). Those authors
reported that human fibroblasts isolated from embryonic tissues cease to proliferate after a
limited number of cell divisions. We now know that the loss of proliferative activity is the
consequence of progressive shortening of telomeres in each replicative round (for a review, see
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Bernadotte et al., 2016). Currently, we have learnt a lot about the
stimuli that trigger cellular senescence and about the intracellular
effector pathways that execute this process. Cellular senescence
is characterized by a prolonged and irreversible cell-cycle arrest
with secretory features, macromolecular damage, and altered
metabolism (Campisi et al., 2011; Rodier and Campisi, 2011;
Childs et al., 2015; Hernandez-Segura et al., 2018; Gorgoulis
et al., 2019). The cells that exhibit these features of senescence
normally accumulate in aging tissues, further linking this cellular
state with the aging process in general (Dimri et al, 1995).
Cellular senescence is now also considered to be a suppressive
mechanism against oncogenesis (Lee and Lee, 2019), acting to
block proliferation in cells with oncogenic mutations (Campisi
et al., 2011). Recent studies also describe beneficial effects of
cellular senescence during embryonic development, tissue repair
and regeneration, and cellular reprogramming (Czarkwiani and
Yun, 2018; Rhinn et al., 2019). Senescence during embryonic
development is involved in tissue remodeling and is usually
linked to areas of cell death that arise in degenerating structures
(Munoz-Espin and Serrano, 2014). Therefore, senescent cells
can be detected from embryogenesis (when they contribute
to tissue development) to adulthood (when they prevent the
propagation of damaged cells and contribute to tissue repair and
tumor suppression).

Senescent cells are metabolically active and possess some
features in vitro and in vivo which are known biomarkers of
cellular senescence (Bernadotte et al., 2016; Matjusaitis et al.,
2016; Hernandez-Segura et al., 2018; Wang and Dreesen, 2018).
One of the most used methods to assess cellular senescence is
the detection of B-galactosidase (B-GAL) activity at pH 6.0, a
histochemical assay that is called “senescence associated B-GAL”
(SA-B-GAL), because it labels senescent cells, both in vivo and
in vitro (Dimri et al., 1995). However, intense p-GAL labelling
at pH 6.0 could also reflect an alteration in lysosomal number
or activity in non-proliferating cells (Yegorov et al., 1998) or
in terminally differentiated cells such as neurons (Piechota
et al., 2016, inter alia). It has been demonstrated that the so-
called SA-B-GAL increases with aging in subsets of neurons
in different brain areas, but this enzymatic activity is also
present in specific populations of neurons in very young mice
(for a review, see Walton and Andersen, 2019). In this sense,
it is known that neurons become post-mitotic very early in
development, and a recent study performed in our laboratory
clearly demonstrated that B-GAL activity at pH 6.0 is intense
in recently differentiated ganglion cells in the developing avian
retina (de Mera-Rodriguez et al., 2019).

In the present communication, we discuss the reliability of
SA-B-GAL activity in identifying cellular senescence in vitro
and in vivo. We first focus on the description of the cell-
type-specific labeling of SA-B-GAL in embryonic structures of
different vertebrates. Then, we consider the possible relationship
between areas of intense SA-B-GAL-staining and areas affected
by massive cell death in different embryonic structures.
Finally, we compare the staining pattern of SA-B-GAL activity
with the distribution of other markers of cell senescence,
cell death, and cell differentiation in the developing visual
system of vertebrates.

SA-8-GAL HISTOCHEMISTRY

Lysosomal B-GAL cleaves P-D-galactose residues in f-D-
galactosides. Detectable B-GAL activity is the most extensively
used marker for senescent or aging cells whether in culture or in
mammalian tissues (Dimri et al., 1995; Debacq-Chainiaux et al.,
2009). Specifically, at pH 6.0, the B-GAL enzyme hydrolyses
5-bromo-4-chloro-3-indoyl-p-d-galactopyranoside (X-gal), a
colorless, soluble compound consisting of galactose linked to an
indole. This reaction releases a deep blue, insoluble product on
the cell culture or in the tissue. This histochemical technique
is distinct from the acidic B-GAL activity, present in lysosomes
of all non-senescent cells and detectable at pH 4.0 (Kuilman
et al,, 2010). However, it has been demonstrated (Lee et al,
2006) that lysosomal B-GAL is the origin of SA-B-GAL activity,
with the increased SA-B-GAL activity detected in senescent cells
clearly being a result of the increased expression of GLBI, the
gene encoding the lysosomal enzyme. Furthermore, increased
lysosomal biogenesis has been described in senescent cells (Kurz
et al., 2000; Severino et al., 2000; Hernandez-Segura et al., 2018).

Nonetheless, some researchers have clearly shown that in
some cases B-GAL activity is not indicative of senescence.
For instance, it has been described that B-GAL activity at pH
6.0 might reflect the activity of autophagy due to the intense
biogenesis of lysosomes that occurs during this process (Young
et al, 2009). Intense B-GAL histochemical signals have also
been reported in the visceral endoderm at early stages of
mouse embryo development (Huang and Rivera-Pérez, 2014)
and in the luminal cells of the duodenum (Going et al., 2002).
Furthermore, endogenous B-GAL activity at pH 6.0 is detected
cytochemically in immortalized cultured cells and macrophage-
like cells (Yegorov et al., 1998), in macrophages and osteoclasts
in mature tissues (Bursuker et al., 1982; Kopp et al., 2007; Hall
etal., 2017), and in confluent non-transformed fibroblast cultures
(Severino et al., 2000). A recent study has shown that Purkinje,
choroid plexus, heart muscle, intestinal, and pancreatic cells in
mammalian tissues are strongly positive for SA-B-GAL activity
(Raffaele et al., 2020). Also, serum starvation and confluent
culture increase SA-B-GAL activity (Yang and Hu, 2005). In the
case of the nervous system, it has been proposed that f-GAL
activity at pH 6.0 might be detected in differentiated neurons
(Piechota et al., 2016, see below), and even at early stages of
development (de Mera-Rodriguez et al., 2019, see below). All
these findings indicate that the reliability of the “so-called” SA-
B-GAL assays is questionable because, since the enzyme is not
always specific for cell-aging, this histochemical technique is
insufficient to characterize cellular senescence.

Senescent cells also show additional signature features that
could be used in combination with SA-B-GAL to identify the
state of senescence. Morphologically, cultured senescent cells
become flat, large, multi-nucleated, and vacuolated (Denoyelle
et al.,, 2006). Recently, it has been shown that senescent cells
in tissues of aged mice are larger than non-senescent cells
(Biran et al., 2017) and that senescent alveolar progenitors show
abnormal elongated morphology (Kobayashi et al.,, 2020). In
contrast, in embryonic living tissues, senescent cells usually
have a normal morphology (Mufnoz-Espin and Serrano, 2014).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2021 | Volume 9 | Article 623175


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

de Mera-Rodriguez et al.

SA-B-GAL Histochemistry in Embryonic Tissues

Senescence-associated heterochromatic foci (SAHF) contain
trimethylation at Lys9 of histone 3 (H3K9me3), heterochromatin
protein 1 homologue-y (HP1 y), and macroH2A (Sharpless
and Sherr, 2015; Bernadotte et al., 2016; Wang and Dreesen,
2018; Rhinn et al., 2019). Senescent cells undergo long-term exit
from the cell cycle, lacking markers of cell proliferation such as
Ki67 or PCNA (Rhinn et al., 2019). They also activate tumor
suppressor networks, including p16/VK44 and p194RF which
function by activating the Rb protein and the p53 transcription
factor, respectively (Lowe and Sherr, 2003).

These are among the most commonly used markers of
cell senescence in cultured cells and in aged or pathological
tissues. However, the analysis of senescence signatures in some
populations of cells in the developing embryo shows enhanced
expression of the cell cycle inhibitor p21, but not that of typical
markers of senescence in aging including p53, pl6, or pl9
(Munoz-Espin et al., 2013; Storer et al., 2013).

SA-B-GAL STAINING IN THE
DEVELOPING EMBRYO

SA-B-GAL Staining in Whole Mount
Embryos

Programmed cellular senescence is an essential process during
vertebrate embryonic development (for reviews, see Murfioz-
Espin and Serrano, 2014; Czarkwiani and Yun, 2018; Rhinn
et al,, 2019; Da Silva-Alvarez et al., 2019; Sacco et al., 2021). SA-
B-GAL labeled cells are found stereotypically in well-defined time
windows during embryonic development (Mufoz-Espin et al.,
2013; Storer et al.,, 2013). SA-B-GAL staining in whole-mount
mammalian embryos clearly shows that abundant labeled cells
accumulates in the developing limbs, nails, focal areas of the
skin, the tip of the tail, heart, eye tissues, inner ear, olfactory
epithelium, and the closing neural tube (Mufnoz-Espin et al.,
2013; Storer et al, 2013; Zhao et al., 2018), with a staining
pattern similar to that observed in whole-mount chicken embryos
(Figures 1A-C) (cf. Storer et al., 2013; Lorda-Diez et al., 2015,
2019; Gibaja et al., 2019). More recently (Da Silva-Alvarez et al.,
2020), putative senescent cells during zebrafish development have
been characterized in detail by using SA-B-GAL staining in whole
mounts, with the strong activity being detected in the yolk,
cloaca, central nervous system (CNS), intestine, liver, pronephric
ducts, and lens.

SA-B-GAL Staining in Degenerating
Embryo Areas: The Case of the

Developing Limb

The distribution of SA-B-GAL positive areas in the whole embryo
strongly correlates with the distribution of apoptotic cells. Thus,
intense SA-B-GAL staining is detected in degenerating structures
such as the pronephros of fish (Villiard et al., 2017) and
amphibians (Davaapil et al., 2017; Villiard et al., 2017), and in
the mesonephros of birds (Nacher et al., 2006) and mammals
(Mufioz-Espin et al., 2013; Da Silva-Alvarez et al., 2018). The
pattern of cell death in the developing avian heart also strongly

correlates with SA-B-GAL staining (Lorda-Diez et al,, 2019), as
do areas of cell death in the somites, tail bud, and CNS (Mufioz-
Espin et al., 2013; Storer et al., 2013). In the case of the developing
otic vesicle in the chicken, SA-B-GAL labeled cells are associated
with areas of increased apoptosis (Figures 1A-C) (Gibaja et al.,
2019; Magarifios et al., 2020). In mice, it has been found that
senescence in the endolymphatic sac has a morphogenetic role
analogous to that of apoptosis (Mufioz-Espin et al., 2013).

The chronotopographical coincidence of cell senescence and
apoptosis in the embryo is even more evident in the developing
limb. Since the scope of this article is discussion of the reliability
of B-galactosidase staining as an in vivo marker for senescence
detection, we would encourage the reader to refer to the detailed
review of limb apoptosis and senescence in another article
included in this issue authored by Montero et al. (2020). At
early stages of limb development, limb outgrowth is controlled
by an epithelial thickening at the distal tip of the structure -
the apical ectodermal ridge (AER) (Figures 1D,H,L). The cells
of this signaling center proliferate together with the other tissues
in the limb bud but undergo apoptosis from soon after the bud’s
formation until its disappearance when all the phalanxes have
been formed (Rodriguez-Ledn et al., 2013). Concomitant with
the apoptotic process (Figures 1H,L), AER cells also exhibit SA-
B-GAL activity (Figure 1D) and express different markers of
cellular senescence such as p21 (Storer et al., 2013; Mufioz-Espin
etal., 2013; Lorda-Diez et al., 2015; Li et al., 2018). In mice, a lack
of p21 activity results in senescence defects and AER structural
deficiencies, thereby impairing normal limb development (Storer
et al,, 2013). Indeed, during limb development in the mouse,
strong SA-B-GAL activity is detected in the AER at early
stages but almost disappears at more advanced stages (Li et al,,
2018). These last authors suggest that some senescent cells in
this region of the developing mouse limb undergo apoptosis
and are removed by phagocytosis. However, a sub-population
of these embryonic cells positive for 8-GAL activity and p21
expression remains in the limb tissues after birth, and re-
enter the cell cycle, proliferating in situ (Li et al., 2018). These
results could suggest that some cells in the population are non-
senescent cells or a degree of plasticity in the process of cellular
senescence during development. Future works are needed to
clarify if cellular senescence during development is a process
that have some unique features that distinguish it from the adult
cellular senescence.

But this is not the only structure that undergoes apoptosis
during limb development. The anterior and posterior margins
of the limb bud, as well as the interdigital areas, enter the
apoptosis program to sculpt the final shape of the organ (reviewed
by Montero et al., 2020). Moreover, the interdigital regression
during digit formation has been regarded as an excellent model
for the study of how cellular senescence and programmed cell
death are related (Lorda-Diez et al., 2015; Sanchez-Fernandez
et al,, 2019). Apoptotic interdigital areas can be observed for
approximately 48 h in the developing chicken limb - from 6.5
to 8.5 days of incubation (Montero and Hurlé, 2010; Lorda-Diez
et al., 2015). The classical way to detect the interdigital apoptotic
pattern is to use vital dyes such as Neutral Red (Figures 1H-K).
Staining with this dye allows visualization of tissue removal
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Neutral red
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FIGURE 1 | Areas segmenting SA-p-GAL activity and apoptosis during avian embryonic development. Detection of SA-B-GAL activity in embryonic day 3.5 (A,B)
and E4 (C) chicken embryos, and E3.5 (D), E6 (E), E7 (F), and E8 (G) hindlimbs. Neutral red staining for cell death detection in E3.5 (H), E6 (1), E7 (J), and E8 (K)
hindlimbs. TUNEL assay for apoptosis detection in E4 (L), E6 (M), E7 (N), and E8 (O) hindlimbs. Labeling of AER can be noted in (D,H, and L). Arrowheads in
(E-G), (I-K), and (M-0) point to the third interdigital space during the establishment of cell senescence and the progression of interdigital programmed cell death.
SA-B-GAL histochemistry (P) and QH1 immunostaining (R) label macrophages in the interdigital mesenchyme of quail at stage 36. DAPI staining (Q) shows the
structure of the interdigital space. E, eye; Fl, forelimb; H, heart, HL, hindlimb, Le, lens; NT, neural tube, O, otic vesicle; PA, pharyngeal arches; T, tail bud.

in the AER (Figure 1H) and the progression of interdigital developing tissue) from necrosis (the passive death of cells due,
cell death (Figures 1K,L). But it cannot distinguish apoptosis  for instance, to toxicity or cellular damage). For this reason, since
(the active and programmed process of death in the cells of a the decade of the 1990s, the TUNEL assay has been used to
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ensure the detection of apoptotic areas during limb development
(Figures 1L-O). The population of apoptotic cells detected by
the two techniques in the interdigital areas coincides with the
pattern of SA-B-GAL labeling in these regions (Figures 1E-G),
evidence for the correlation of the two processes during limb
development. Indeed, different studies have shown that cellular
senescence and apoptosis coincide during limb development and
are essential for proper interdigital regression (Mufioz-Espin
et al., 2013; Lorda-Diez et al., 2015; Montero et al., 2016).

Besides the activation of SA-B-GAL activity, another essential
feature of cell senescence is cell cycle arrest. In the case of
limb interdigital regression, this is connected to up-regulation
of genes such as p2l, p63, and p73 which block cell cycle
progression (Lorda-Diez et al., 2015; Sanchez-Fernandez et al.,
2020). Also, various members of the Btg/Tob tumor suppressor
gene family are expressed in the interdigital space during the
progression of programmed cell death, and overexpression of
Btg2 in the early limb mesenchyme results in an anti-proliferative
and pro-apoptotic effect on the tissue, leading to the formation
of shortened limbs (Lorda-Diez et al., 2015). Interestingly, the
expression of these tumor suppressor genes in chicken and mouse
embryos, species with free digits, is up-regulated during the
course of programmed cell death in the interdigital spaces, but is
down-regulated, or maintained at stable levels, in the interdigital
areas of the duck which maintains webbed digits in adulthood
(Lorda-Diez et al., 2015).

Another important feature of cell senescence is the
up-regulation of different components of the senescence-
associated secretory phenotype (SASP), namely, different matrix
metalloproteinases, IgfBP5, TNF signaling pathway members,
and interleukin 8 (Rhinn et al., 2019). Several of these SASP
members are up-regulated in the interdigital areas (Lorda-Diez
et al., 2015) and in the AER (Storer et al., 2013) when cells are
dying by apoptosis.

All this evidence, namely detection of SA-8-GAL activity and
upregulation of cell cycle inhibitors as well as SASP components,
supports that SA-B-GAL staining is detected in senescent cells
during development in apoptotic areas like those detected in the
tetrapod limb. Nevertheless, other populations of non-senescent
cells with a high lysosomal mass and/or increased B-GAL
lysosomal activity, such as QHl-immunoreactive macrophages
in the quail interdigital area, also show strong SA-B-GAL
labeling (Figures 1P-R), coinciding with previous studies in mice
(Hall et al., 2017).

SA-B-GAL Staining in the Nervous
System: The Case of the Developing and

Mature Retina

The analysis of the SA-B-GAL labeling in the developing and
mature CNS is a topic of controversy in the field of neuronal
senescence. SA-B-GAL activity has been used to detect putative
senescent cells in the aging brain of mice (Ori et al., 2015), in
cultures of primary cortical neurons (Chernova et al., 2006), and
in cerebellar granule neurons (Bhanu et al., 2010). SA-B-GAL
is detected cytochemically in neurons of the hippocampus,
and its activity increases in old animals (Geng et al., 2010;

Piechota et al., 2016) and in prolonged-cultured hippocampal
neurons (Dong et al., 2011; Xu et al,, 2019). Furthermore, this
enzymatic activity is greater in hippocampal neurons after an
injury (Tominaga et al., 2019) and in the Purkinje cells of adult
mice (Jurk et al, 2012). Neurodegenerative diseases also cause
increased SA-B-GAL staining in astrocytes, oligodendrocytes,
and microglial cells (Kritsilis et al., 2018). In sum therefore, SA-
B-GAL activity increases in mammalian neurons and glial cells
during the aging process and under pathological conditions.

Intense SA-B-GAL activity has also been detected in several
types of neurons in very young mice (1-3 months old) in vivo
and in vitro (Jurk et al., 2012; Piechota et al., 2016; Bussian et al.,
2018; Musi et al., 2018; Raffaele et al., 2020). In this sense, intense
SA-B-GAL staining is detected in several populations of neurons
in horizontal cryosections of the head of a 3-day-old mouse.
Strong SA-B-GAL signal is detected in the intermediate layer of
the olfactory epithelium, the region where the olfactory sensory
neurons are located (Figures 2A,B), but also in neurons of the
trigeminal ganglion (Figure 2C) and in the cerebellar Purkinje
cells (Figures 2D,E). Therefore, the detection of this enzymatic
activity in the CNS at relatively early stages of the postnatal life
suggests that it cannot be attributed solely to cell senescence
either in vivo or in vitro. Given this scenario, it is quite possible
that B-GAL activity at pH 6.0 could be detected in neurons even
in embryonic tissues.

The vertebrate retina contains six well-known types of
neurons — ganglion, amacrine, horizontal, bipolar, cone, and
rod cells. Much is known about the intrinsic programs (mainly
coded by transcription factors, but also by extrinsic factors
such as growth factors) which are involved in retinogenesis
and in the maintenance of neuronal phenotypes (Alvarez-
Hernan et al., 2013, 2018, 2019, 2020; Xiang, 2013; Bejarano-
Escobar et al., 2014, 2015). Furthermore, several phases of cell
death have been reported to occur during development of the
vertebrate retina (Cook et al., 1998; Knabe et al., 2000; Péquignot
et al., 2003; Francisco-Morcillo et al., 2004, 2014; Rodriguez-
Gallardo et al., 2005; Chavarria et al., 2007, 2013; Valenciano
et al., 2009; Bejarano-Escobar et al., 2011, 2013). Therefore,
the embryonic retina constitutes an excellent model with which
to study whether SA-B-GAL activity is linked with neuronal
differentiation processes and/or with cell death areas.

Previous studies have shown that SA-B-GAL histochemistry
assay shows staining of the retinal pigment epithelium in the
developing avian retina (de Mera-Rodriguez et al., 2019) and
in the mature retina of rats (Lamoke et al., 2015) and primates
(Mishima et al., 1999), including humans (Hjelmeland et al., 1999;
Matsunaga et al., 1999). In this sense, some retinal pathologies are
linked to cellular senescence that occurs in the retinal pigment
epithelium (Kozlowski, 2012). Specific SA-B-GAL enzymatic
activity is observed in human retinal blood vessels, mainly
in the endothelial and smooth muscle cells (Lopez-Luppo
et al., 2017), and intense SA-B-GAL activity is observed in the
microvasculature of diabetic rats (Lamoke et al., 2015). With
regard to SA-B-GAL activity in neural retinal tissue, in the mouse
at early postnatal stages, SA-B-GAL staining is enhanced in
retinal ganglion cells and subpopulations of neurons dispersed
throughout the inner nuclear layer (INL) (Oubaha et al., 2016).
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FIGURE 2 | The presence of SA-B-GAL activity in the postnatal day P3 mouse head tissue. Horizontal (A,B) and sagittal (C-E) cryosections were treated with
SA-B-GAL histochemistry. (A,B) Intense SA-B-GAL signal is found in the intermediate layer of the olfactory epithelium (arrowheads). (C) Strong SA-B-GAL staining is
detected in sensory neurons in the trigeminal ganglion (asterisks). (D,E) SA-B-GAL activity is detected in the cerebellum, mainly in the Purkinje cell layer (arrows).
Scale bars: 200 wm (A,D), 50 um (B,E), and 20 um (C).

It has also been reported that, in the adult mouse, SA- proliferative diabetic retinopathy, also lead to cell senescence of
B-GAL activity in retinal ganglion cells might be increased by several types of retinal neurons (Sapieha and Mallette, 2018).

acute intraocular pressure induced ischemic injury (Li et al., A recent study performed in our laboratory (de Mera-
2017). Other diseases, such as retinopathy of prematurity and Rodriguez et al, 2019) has shown that, in the laminated
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avian retina, even at embryonic stages, SA-B-GAL labeling is recently differentiated and mature retinal neurons. We also
intense in subpopulations of neurons located in the ganglion found that SA-B-GAL labeling strongly correlates with p21
cell layer (GCL) and in subpopulations of interneurons mainly =~ immunoreactivity in both the laminated (Figures 3B-D) and the
located in the amacrine cell layer and the horizontal cell layer —undifferentiated (Figures 4A-E) retina, even in the lens tissue
(Figures 3A,B). Therefore, SA-B-GAL activity is intense in (Figures 4A,B) (de Mera-Rodriguez et al., 2019). SA-B-GAL

4

ac

gc

FIGURE 3 | The presence of SA-B-GAL activity in the embryonic day E15 chicken retina. Cryosections of retinas were treated with SA-B-GAL histochemistry (A,B)
and antibodies against p21 (B-D). DAPI staining shows the laminated structure of the retina (C). SA-B-GAL staining is found in the photoreceptor outer segments
and in subpopulations of amacrine and ganglion cells (A,B). The horizontal cell layer appears faintly labeled (A,B). p21 immunostaining strongly correlates with the
SA-B-GAL labeling pattern. ac, amacrine cells; gc, ganglion cells; GCL, ganglion cell layer; hc, horizontal cells; INL, inner nuclear layer; ONL, outer nuclear layer; pos,
photoreceptor outer segments. Scale bars: 50 pm (A and B-D).
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SA-B-GAL

FIGURE 4 | The presence of SA-B-GAL activity in the embryonic day E4 chicken retina. Cryosections of retinas were treated with SA-B-GAL histochemistry and
antibodies against p21 (A-E), CatD (F-H), and TUJ1 (I-K). DAPI staining shows that the neural retina consists of a NbL (C,F)l). SA-B-GAL staining is detected in the
scleral (asterisks in A,D,G,J) and vitreal (arrowheads in A,D,G,J) regions of the retina. p21 immunostaining correlates with the SA-B-GAL staining pattern in the
undifferentiated retina (arrowheads and asterisks in B,E) and lens (arrows in B). CatD immunoreactivity (arrowheads and asterisks in H) is strongly coincident with the
SA-B-GAL histochemistry signal (arrowheads and asterisks in G). TUJ1 immunoreactivity is intense in the vitreal surface of the NbL (arrowheads in K), coinciding with
the vitreal SA-B-GAL histochemistry signal detected in the same region (arrowheads in J). Le, lens; NbL, neuroblastic layer. Scale bars: 150 pm (A,B), 50 pm (C-K).
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FIGURE 5 | SA-B-GAL activity and cell death in the embryonic day E9 (A) and E10 (B) chicken retina. Cryosections were doubly stained with SA-B-GAL
histochemistry and TUNEL technique. TUNEL-positive nuclei are mainly detected in the GCL (arrowheads) and in the middle region of the INL (arrows). SA-g-GAL
activity is observed in the GCL, amacrine cell layer, and horizontal cell layer. ac, amacrine cells; gc, ganglion cells; GCL, ganglion cell layer; hc, horizontal cells; INL,
inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; pos, photoreceptor outer segments. Scale bar: 50 pm.
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staining in the non-laminated retina is mainly restricted to
the vitreal and scleral surfaces of the neuroblastic layer (NbL)
(Figures 4A,D,G,J), strongly correlating with cathepsin D
immunoreactivity (Figures 4F-H) (de Mera-Rodriguez et al,,
2019), a marker for increased lysosome number or activity (Kurz
et al., 2000; Wassélius et al., 2003; Ahuja et al., 2008; Bejarano-
Escobar et al., 2011; Lorda-Diez et al., 2019). The SA-B-GAL
activity located in the vitreal surface of the retina is detected in
TUJ1-positive newborn ganglion cell neuroblasts (Figures 41-K).
Therefore, SA-B-GAL labeling in the developing visual system
correlates strongly with the location of the lysosomal mass, but
also with other senescence markers, and seems to be linked to
neuronal differentiation.

But is SA-B-GAL activity also linked to apoptotic cells
in the developing retina? In the undifferentiated vertebrate
retina, apoptotic cells are either dispersed throughout the
NbL or concentrated in areas that surround the optic nerve
head (Mayordomo et al., 2003; Francisco-Morcillo et al., 2004;
Rodriguez-Gallardo et al., 2005; Valenciano et al., 2009; Bejarano-
Escobar et al, 2011, 2013). However, SA-B-GAL activity is
mainly concentrated in the vitreal and scleral surfaces of the
avian NbL (de Mera-Rodriguez et al., 2019). Later, in the
laminated retina, apoptosis follows spatiotemporal patterns that
are analogs of the cell differentiation pattern (Figure 5) (Cook
et al.,, 1998; Marin-Teva et al,, 1999). In the E9 chicken retina,
cell death is mainly concentrated in the GCL and in the
amacrine cell layer (Figure 5A) (Cook et al,, 1998), and, at
E10, TUNEL-positive bodies spread vitreally to the bipolar
cell layer (Figure 5B). By these stages, SA-B-GAL staining is
detected homogeneously in the GCL, amacrine cell layer, and
horizontal cell layer (Figure 5) (de Mera-Rodriguez et al., 2019).
There is therefore no correlation between SA-B-GAL activity
and the chronotopographical distribution of dying cells in the
developing avian retina. In this case, B-GAL activity at pH 6.0
seems to be related to terminal cell differentiation rather than to
cellular senescence.

CONCLUSION

SA-B-GAL activity increases with aging in neurons of the
mammalian brain (for a review, see Walton and Andersen,
2019). In the developing limb, this SA-B-GAL activity correlates
well with cellular senescence in the areas of programmed
cell death that occur physiologically during the development
process. Consequently, a proper balance between senescence
and apoptosis is needed for accurate formation of the limbs
(Lorda-Diez et al.,, 2015). However, intense SA-B-GAL is also
detected in cells that have intrinsically high lysosomal B-GAL
activity, such as macrophages, but also in a wide range of post-
mitotic cells, including neurons, even at early stages of embryonic
development. Other senescence-associated markers, such as
p21, are also activated in parallel with SA-B-GAL activity in
recently differentiated retinal neurons (de Mera-Rodriguez et al.,
2019). It is likely that there are several common mechanisms
involved in both the acquisition of the senescent phenotype
and the maintenance of long-term non-dividing cells’ non-
proliferating status. Therefore, it is important to discriminate
between senescent cells and post-mitotic cells in studies about
aging of the CNS because some accepted markers of senescence
(SA-B-GAL, p21 expression) are less specific than originally
was expected. The identification of new candidate biomarkers
of cellular senescence would, in combination with established
markers, increase the specificity and efficiency of detecting
senescence in vivo and in vitro. A future requirement will be
to have markers for senescence-like phenotypes in long-term
non-proliferating cells, such as neurons.
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The neural crest cell (NCC) is a multipotent progenitor cell population that is sensitive to
ethanol and is implicated in the Fetal Alcohol Spectrum Disorders (FASD). Studies have
shown that sulforaphane (SFN) can prevent ethanol-induced apoptosis in NCCs. This
study aims to investigate whether ethanol exposure can induce apoptosis in human
NCGCs (hNCCs) through epigenetically suppressing the expression of anti-apoptotic
genes and whether SFN can restore the expression of anti-apoptotic genes and prevent
apoptosis in ethanol-exposed hNCCs. We found that ethanol exposure resulted in
a significant increase in the expression of DNMT3a and the activity of DNMTs. SFN
treatment diminished the ethanol-induced upregulation of DNMT3a and dramatically
reduced the activity of DNMTs in ethanol-exposed hNCCs. We also found that ethanol
exposure induced hypermethylation at the promoter regions of two inhibitor of apoptosis
proteins (IAP), NAIP and XIAP, in hNCCs, which were prevented by co-treatment with
SFN. SFN treatment also significantly diminished ethanol-induced downregulation of
NAIP and XIAP in hNCCs. The knockdown of DNMT3a significantly enhanced the effects
of SFN on preventing the ethanol-induced repression of NAIP and XIAP and apoptosis in
hNCCs. These results demonstrate that SFN can prevent ethanol-induced apoptosis in
hNCCs by preventing ethanol-induced hypermethylation at the promoter regions of the
genes encoding the IAP proteins and diminishing ethanol-induced repression of NAIP
and XIAP through modulating DNMT3a expression and DNMT activity.

Keywords: sulforaphane, ethanol, apoptosis, DNA methylation, IAP proteins, neural crest cells
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Lietal

DNA Methylation and Ethanol-Induced Apoptosis

INTRODUCTION

Prenatal alcohol exposure can cause a spectrum of physical
abnormalities and mental dysfunctions in children, which are
defined as Fetal Alcohol Spectrum Disorders (FASD) (Koren
et al., 2003; Sokol et al., 2003). Previous studies by Kotch and
Sulik, as well as Dunty et al., have revealed that ethanol exposure
during the early stages of development resulted in excessive cell
death in neural crest cells (NCCs), which contributes heavily to
ethanol-induced malformations (Kotch and Sulik, 1992; Dunty
etal., 2001). Using a chick-specific antibody to NCCs, Cartwright
and Smith confirmed that the prenatal ethanol exposure resulted
in the loss of cranial NCCs in chicken embryos (Cartwright
and Smith, 1995). Studies from our laboratory have also shown
that ethanol exposure significantly increased apoptosis in NCCs
in vitro (Chen et al., 2015; Li et al., 2019b).

Multiple signaling pathways have been shown to be involved
in the ethanol-induced apoptosis in NCCs, including the Bcl2
family (Chen et al., 2015; Yuan et al., 2018), Seven in absentia
homologl (Siah1) (Sun et al., 2014; Yuan et al., 2017), p53 and
MAPK signaling (Yuan et al.,, 2017, 2020) and Nrf2 signaling
(Chen et al., 2013). However, the potential role of the inhibitor of
apoptosis proteins (IAP) in ethanol-induced apoptosis in NCCs
remains to be defined. IAP family is composed of eight members
presenting one to three BIR domains from the baculovirus
(Birnbaum et al., 1994). They are frequently overexpressed in
cancer cells that are resistant to apoptosis (Silke and Meier,
2013). DNA hypomethylation at the promoters of IAP genes
and the overexpression of the IAPs have been found in different
cancers, including ovarian, hepatocellular carcinoma (HCC), and
glioma (Hervouet et al., 2013). Studies have also shown that the
loss of methylation induced by DNA methyltransferase (DNMT)
inhibitor at the promoters of the IAP genes is associated with
apoptosis resistance (Hervouet et al., 2013).

It is well-known that DNA hypermethylation in the promoter
regions of genes is associated with gene repression (Jones and
Baylin, 2002) and plays an important role in the repression of
many genes involved in various cellular functions, including
DNA repair, cell adhesion, and apoptosis (Teodoridis et al., 2004;
Gopisetty et al., 2006). DNA methylation has been shown to be
associated with the repression of the apoptotic genes in cancer
cells (Murphy et al., 2008; Malekzadeh et al., 2009; Hervouet et al.,
2013). Hypermethylation at the Casp 8 promoter was correlated
with a low Casp 8 expression in cancer cells and contributed to
apoptosis resistance in different cancer cell lines, such as pediatric
cancer (Harada et al,, 2002), lung carcinomas (Shivapurkar et al.,
2002), and breast cancer (Wu et al., 2010). Studies have shown
that ethanol exposure can alter DNA methylation (Haycock and
Ramsay, 2009; Ouko et al., 2009; Zhou et al., 2011) and histone
modification (Zhong et al., 2010; Bekdash et al., 2013; Subbanna
etal., 2013, 2014). An earlier study by Garro has also shown that
fetal DNA was hypermethylated after ethanol exposure during
embryonic development (Garro et al., 1991).

Abbreviations: DNMT, DNA methyltransferase; FASD, Fetal Alcohol Spectrum
Disorders; hNCCs, Human neural crest cells; IAP, Inhibitor of apoptosis protein;
MSP, Methylation-specific PCR; SEN, Sulforaphane.

DNA methylation occurs on the cytosine residue of CpG
dinucleotides through the transfer of 5-methylcytosine from
the methyl donor S-adenosylmethionine (SAM) to the CpG.
The reaction is catalyzed by a family of enzymes called DNA
methyltransferases (DNMTs), including DNMT1, DNMT3a, and
DNMT3b (Singal and Ginder, 1999). DNMT1 is responsible for
the maintenance of established patterns of DNA methylation,
while DNMT3a and DNMT3b mediate the establishment of new
or de novo DNA methylation patterns (Chen et al., 2003; Jones
and Liang, 2009b). Alteration of DNA methylation by DNMTs
may trigger hypermethylation or hypomethylation of gene
promoters and consequently result in activating or inhibiting
gene expression (Hervouet et al., 2010, 2013).

Sulforaphane (SFN) is a vegetable-derived isothiocyanate that
is abundant in cruciferous vegetables such as broccoli. Our
previous studies have shown that SEN prevented ethanol-induced
apoptosis through upregulating the antioxidant gene Nrf2 in
NCCs (Chen et al, 2013). In addition to acting as an Nrf2
inducer, SEN has been found to regulate gene expression by
inhibiting the activity of DNMTs (Meeran et al., 2012). It has
also been reported that SEN can inhibit LPS-induced DNMT3a
gene expression and confer resistance to LPS-induced apoptosis
in porcine monocyte-derived dendritic cells (Qu et al., 2015).

In the present study, we determined whether SEN can
prevent ethanol-induced apoptosis in hNCCs through epigenetic
modulation of anti-apoptotic genes. We found that ethanol
exposure resulted in a significant increase in the expression of
DNMT3a and the activity of DNMTs. SEN treatment diminished
the ethanol-induced upregulation of DNMT?3a and dramatically
reduced the activity of DNMTs in ethanol-exposed hNCCs.
Ethanol exposure also induced hypermethylation at the promoter
regions of two IAP proteins, NAIP and XIAP, in hNCCs,
which were prevented by co-treatment with SFN. SEN treatment
also significantly diminished ethanol-induced downregulation
of NAIP and XIAP in hNCCs. The knockdown of DNMT3a
significantly enhanced the effects of SFN on preventing the
ethanol-induced repression of NAIP and XIAP and apoptosis in
hNCCs. These results demonstrate that SEN can prevent ethanol-
induced apoptosis in hANCCs by diminishing the ethanol-induced
hypermethylation at the promoter regions of the genes encoding
the IAP proteins.

MATERIALS AND METHODS

Human Neural Crest Cell Differentiation,

Culture and Treatment

hNCCs were differentiated from human embryonic stem cell
(hESC) line H9 (WAO09)), which was purchased from WiCell”
(Madison, WI, United States). hESCs were maintained in
mTeSR™1 (StemCell Technologies, Inc., Vancouver, Canada)
on hESCs-qualified MatrigelTM (BD Biosciences, San Jose,
CA) coated plates, following the WiCell’s protocols. The
differentiation of hNCCs from hESCs was performed as
previously reported (Menendez et al., 2013; Avery and Dalton,
2016) with modification. Briefly, the hESCs” were first adapted
to Accutase solution (Stem Cell Technologies, Vancouver, BC,
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Canada) and dissociated into single cells and cultured in the
hESCs maintenance medium. When hESCs reached 75-85%
confluence, the hESCs maintenance medium was removed, and
the hESCs were detached by adding the Accutase” solution.
The collected hESCs were resuspended and cultured in the
hNCCs differentiation medium (DMEM/F-12 Medium, 14.3 M
L-Glutamine + B-mercaptoethanol, MEM Non-Essential Amino
Acid, 10 pg/mL Fgf2, 10 pg/mL Heregulin -1, 200 pg/mL Long
R3-IGF1, 10 mM CHIR 99021, 10 mM SB421542 and Penicillin
and streptomycin). When cells reached 75-85% confluence,
the differentiating cells were passed using Accutase” and then
maintained in hNCCs differentiation medium. After culture in
hNCCs-differentiation medium for around 10 days, hNCCs were
collected, and NCC identity was analyzed by examining the NCC
markers p75, HNKI, and AP2 using immunocytochemistry, flow
cytometry and/or RT-PCR. For treatments, hNCCs were first
pretreated with 1 pM SFN (LST Laboratories, St. Paul, MN) for
24 h, and then the cells were concurrently exposed to 1 pM SEN
and 50 mM ethanol for an additional 24 h. To maintain the stable
ethanol levels, the cell culture dishes were placed in a plastic
desiccator containing ethanol in distilled water, as described
previously (Yan et al., 2010).

Quantitative Real-Time PCR

Quantitative real-time PCR was performed as previously
described (Fan et al, 2019). Briefly, total RNA was isolated
from control and treated hNCCs using a QIAGEN RNeasy
mini kit (QIAGEN, Valencia, CA) according to the
manufacturer’s instruction. The cDNAs were synthesized
using QuantiTect Reverse Transcription Kit (QIAGEN, Valencia,
CA) following the manufacturer’s protocol. Quantitative
RT-PCR  was performed using FastStart SYBR Green
Master (Roche Applied, Indianapolis, IN, United States)
on a Rotor-Gene 600 Real-time PCR system (Corbett
LifeScience, Mannheim, Germany). The following primer
pairs were used for this analysis: NAIP (Homo sapiens)
forward:  5-GCCTAGATGCAGTTCAGTTGG-3', reverse:
3'-GGCACCAAAGAGGATTAGGCT-3; XIAP (Homo sapiens)
forward: 5-GGTGAAGGAGATACCGTGCG-3/, reverse: 3'-
GCATGTGTCTCAGATGGCCT-5; B-Actin (Homo sapiens)
forward:  5-AGAAGGATTCCTATGTGGGCG-3/, reverse:
3'-GGATAGCACAGCCTGGATAGCA-5'. The primers were
synthesized by Integrated DNA Technologies, Inc. (IDT,
Coralville, TA, United States). All assays were carried out in
triplicate. Relative quantitative analysis was performed by
comparing the threshold cycle number for target genes and a
reference B-Actin mRNA.

Western Blotting

Western blotting was performed by the standard protocol
as previously described (Yuan et al., 2017). Briefly, hNCCs
from control and experimental groups were washed with
PBS and then lysed in cold RIPA lysis buffer with 1 mM
PMSF and protease cocktail inhibitors. Whole-cell lysis was
centrifuged at 12,000 x g for 10 min at 4°C, and the
supernatants were used for Western blot. Protein concentrations
were measured by using BSA Protein Assay Reagent Kit

(Pierce, Thermo Scientific, Waltham, MA). Proteins were
probed with the following antibodies: anti-cleaved caspase-
3 rabbit mAb (Cell Signaling, Beverly, MA, United States),
anti-DNMT3a rabbit mAb (Cell Signaling, Beverly, MA,
United States), anti-NAIP sheep pAb (R&D system, Minneapolis,
MN, United States), anti-XIAP rabbit mAb (Cell Signaling,
Beverly, MA, United States), and anti-B—Actin mouse mAb
(Santa Cruz, Santa Cruz, CA). The densitometry of the
blots was analyzed using Image] software (National Institute
of Health, United States). All Western blot analyses were
performed in triplicate.

Analysis of DNMT Activity

hNCCs from the control and treated groups were harvested,
and nuclear extracts were isolated by using the EpiQuik
Nuclear Extraction Kit (Epigentek, Farmingdale, NY) according
to the manufacturer’s protocol. The protein concentrations
of nuclear extraction were measured using the BCA protein
assay kit (Thermo Scientific, Irvine, CA). DNMT activity
was determined with an EpiQuik DNA Methyltransferase
Activity Assay kit (Epigentek, Farmingdale, NY), following the
manufacturer’s instruction.

Methylated Specific PCR (MSP)

The methylation status of CpG island on the promoters of NAIP
and XAIP was determined by MSP. Genomic DNA was extracted
from control and treated hNCCs using DNeasy Blood & Tissue
Kit (QIAGEN, Valencia, CA) according to the manufacturer’s
instruction. Bisulfite conversion of the genomic DNA was
performed using the EpiTect Bisulfite Kit (QIAGEN, Valencia,
CA). Bisulfite-modified DNA was amplified using two primer sets
specific for the detection of the methylated (M) and unmethylated
(U) sequences. The following primer pairs were used for MSP
analysis. NAIP (M) forward: 5'-AGGTTGGAGTATCGTGGC-
3’, reverse: 3'-GAACGTAATAACGAACGCCT-5, NAIP (U)
forward:  5-TTTAGGTTGGAGTATTGTGGT-3/,
3'-ACCAAACATAATAACAAACACCT-5; XIAP
forward:  5-GGCGGAGGTTGTAGTGAGTC-3',  reverse:
3’-ATAAACATAAACCACCGCGC-5, XIAP (U) forward:
5-GGAGGTGGAGGTTGTAGTGAGTT-3/,  reverse: 3'-
TATAAACATAAACCACCACACCC-5'. Real-time qMSP assays
were performed on a Rotor-Gene 600 Real-time PCR system
(Corbett LifeScience, Mannheim, Germany), and the PCR
products were separated on 2% agarose gel. The intensity of
DNA bands was measured by using NIH Image] software
(National Institute of Health, United States). Methylation
levels were calculated as the intensity of the methylated DNA
band relative to the combined intensity of the methylated and
unmethylated DNA bands.

reverse:
M)

siRNA Transfection

hNCCs were transfected with DNMT3a siRNA (SMART
pool: On-TARGET plus human DNMT3a) (GE Healthcare
Dharmacon, Lafayette, CO) or scramble control siRNA
(IDT, Coralville, TA) in a final concentration of 25 nM by
using Lipofectamine™2000 (Thermo Fisher, Waltham, MA),
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according to the manufacturer’s instruction. The cells were RESULTS
harvested 24 h after transfection for experiments.

SFN Treatment Significantly Diminished
Ethanol-Induced Apoptosis in hNCCs

For this study, hNCCs were differentiated from human
embryonic stem cells and validated by examining the expression
of NCC marker HNK1 using immunocytochemistry (Figure 1A).
To determine whether SFN treatment can diminish the ethanol-
induced reduction in cell viability in hNCCs, the cells were
treated with ethanol alone or pretreated with SFN at different
concentrations for 24 h, followed by concurrent exposure to SEN
and ethanol for an additional 24 h. As shown in Figure 1B, SEN
at 1 M significantly diminished the reduction of cell viability
in hNCCs exposed to 50 mM ethanol. Treatment with SEN also
significantly reduced caspase-3 activation in hNCCs exposed to
50 mM ethanol for 24 h (Figure 1C).

Analysis of Cell Viability and Apoptosis

Cell viability was measured using an MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3- arboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium salt) assay kit (Promega, Madison,
WI), as described previously (Chen et al., 2013). Apoptosis was
determined by the analysis of caspase-3 cleavage by Western
blot and by flow cytometry using a FITC Annexin V apoptosis
detection kit (BD Bioscience, Franklin Lakes, NJ, United States)
as described previously (Li et al., 2019b).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism

software (GraphPad Software, San Diego, CA, United States). SFN Diminished Ethanol-Induced

All data were expressed as mean £+ SEM of at least three . . .
independent experiments. Comparisons between groups were Increase in DNMT Activity and

analyzed by one-way ANOVA. Multiple comparison post-tests Up-Regulation of DNMT3a in hNCCs
were conducted using Bonferroni’s test. Differences between To determine the effects of ethanol and SEN on the activity
groups were considered significant at p < 0.05. and expression of DNMT, hNCCs were pretreated with 1 M
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FIGURE 1 | SFN significantly diminished the ethanol-induced apoptosis in hNCCs. (A) Immunocytochemistry of NCC marker, HNK1, in hNCCs differentiated from
hESCs. (B) hNCCs were treated with 50 mM ethanol alone or pretreated with SFN at different concentrations for 24 h, followed by concurrent exposure to SFN and
ethanol for an additional 24 h. Cell viability was determined by MTS assay. (C) hNCCs were treated with 1 WM SFN for 24 h, followed by concurrent exposure to 1
wM SFN and 50 mM ethanol for an additional 24 h. Apoptosis was determined by the analysis of caspase-3 cleavage using Western blotting. Data are expressed as
a percentage of control (B) or fold change over control (C) and represent the mean + SEM of three separated experiments. *p < 0.05, *p < 0.01.
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SEN for 24 h, followed by 24 h of concurrent exposure to
1 uM SEN and 50 mM ethanol. As shown in Figure 2A,
ethanol exposure significantly increased the DNMT activity in
hNCCs. Treatment with SEN dramatically reduced the ethanol-
induced increase in the activity of DNMT in hNCCs. To
determine whether ethanol and SEN also affect the expression
of DNMT, the protein expression of DNMT3a, one of the three
DNMTs, which is involved in DNA methylation in eukaryotic
cells (Leonhardt and Bestor, 1993; Jones and Liang, 2009a),
was analyzed by Western blotting. We found that exposure to
50 mM ethanol resulted in a significant increase in the protein
expression of DNMT3a in hNCCs. Co-treatment with SEN
and ethanol significantly reduced ethanol-induced increase in
DNMT3a protein expression (Figure 2B).

SFN Diminished the Ethanol-Induced
Hypermethylation at the Promoters of
NAIP and XIAP in hNCCs

To determine whether ethanol-induced up-regulation of
DNMT3a and increase in DNMT activity can result in
hypermethylation at the promoters of the IAP genes and
whether SFN can diminish ethanol-induced hypermethylation
at the promoters of these genes, the methylation status of the
CpG islands at the promoters of XIAP and NIAP in hNCCs
was analyzed by using methylation-specific PCR (MSP). As
shown in Figure 3, exposure of hNCCs to ethanol for 24 h
resulted in a significant increase in the methylation levels at
the promoters of XIAP and NIAP. Co-treatment with SFN
significantly diminished ethanol-induced hypermethylation
at the promoters of these anti-apoptotic genes in hNCCs.

These results demonstrate that ethanol exposure can induce
hypermethylation at the promoters of NAIP and XIAP in hNCCs,
which can be prevented by co-treatment with SFN.

SFN Diminished Ethanol-Induced
Down-Regulation of IAP Genes in hNCCs

To determine whether ethanol-induced hypermethylation at the
promoters of NAIP and XIAP can repress the expression of NAIP
and XIAP and whether SEN can prevent ethanol-induced down-
regulation of NAIP and XIAP by diminishing ethanol-induced
hypermethylation at the promoters of these genes in hNCCs, the
mRNA expression of NAIP and XIAP was analyzed in hNCCs. As
shown in Figure 4, exposure to 50 mM ethanol for 24 h resulted
in a dramatic reduction in mRNA expression of NAIP and
XIAP in hNCCs. Treatment with SEN significantly diminished
ethanol-induced down-regulation of NAIP and XIAP in hNCCs,
indicating that SFN can diminish ethanol-induced repression
of NAIP and XIAP in hNCCs by preventing ethanol-induced
hypermethylation at the promoters of NAIP and XIAP.

Knockdown of DNMT3a Significantly
Diminished Ethanol-Induced
Down-Regulation of NAIP and XIAP and
Enhanced the Effects of SFN Against
Ethanol-Induced Down-Regulation of
NIAP and XIAP in hNCCs

To determine whether the upregulation of DNMT3a contributes
to the ethanol-induced down-regulation of NAIP and XIAP,
DNMT3a was knocked down by siRNA in hNCCs before
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FIGURE 2 | SFN diminished ethanol-induced increase in DNMT activity and the up-regulation of DNMT3a in hNCCs. hNCCs were treated with 1 WM SFN for 24 h,
followed by concurrent exposure to 1 WM SFN and 50 mM ethanol for an additional 24 h. (A) The DNMT activity was determined by using an EpiQuik DNA
Methyltransferase Activity Assay kit. (B) The protein expression of DNMT3a was determined by Western blotting. Data are expressed as fold change over control
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FIGURE 3 | SFN significantly diminished the ethanol-induced hypermethylation at the promoters of XIAP and NAIP in hNCCs. hNCCs were treated with 1 wM SFN
for 24 h, followed by concurrent exposure to 1 M SFN and 50 mM ethanol for an additional 24 h. (A) Schematic illustration of the CpG sites and CpG island in the
promoters of NAIP and XIAP. The selected CpG island in the NAIP gene promoter is in the region from —-634 to —64 bp in the promoter of NAIP. The selected CpG
island in the XIAP gene promoter is in the region from —2156 to —1734 bp in the promoter of XIAP. (B) DNA methylation status at the CpG island of the promoters of
NAIP and XIAP was determined by using MSP. Data are expressed as the percentage of methylation and represent the mean + SEM of three separated
experiments. “o < 0.05. M, methylated DNA, U, unmethylated DNA.

treatment with ethanol or/and SEN. We found that the
knockdown of DNMT3a significantly diminished ethanol-
induced decreases in the mRNA expression of NAIP and XIAP.
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FIGURE 4 | SFN diminished ethanol-induced down-regulation of IAP genes in
hNCCs. hNCCs were treated with 1 uM SFN for 24 h, followed by concurrent
exposure to 1 wM SFN and 50 mM ethanol for an additional 24 h. The mRNA
expression of the NAIP and XIAP was determined by using gRT-PCR. The
data were expressed as fold change over control and represent the

mean + SEM of three separated experiments. *p < 0.05, **P < 0.01.

Down-regulation of DNMT3a by siRNA also enhanced the
effects of SEN against ethanol-induced down-regulation of NIAP
and XIAP in hNCCs. In addition, knockdown of DNMT3a
significantly diminished ethanol-induced decreases in the protein
expression of NAIP and XIAPI and significantly enhanced the
effects of SEN against ethanol-induced reductions in the protein
expression of NAIP and XIAP (Figure 5). These results indicate
that the down-regulation of DNMT3a and the inhibition of
DNMT activity by SEN can diminish ethanol-induced repression
of anti-apoptotic genes in hNCCs.

Knockdown of DNMT3a Diminished
Ethanol-Induced Apoptosis and

Enhanced the Protective Effects of SFN
Against Ethanol-Induced Apoptosis in
hNCCs

To determine whether ethanol-induced upregulation of
DNMT3a and subsequent repression of anti-apoptotic genes,
NAIP and XIAP, contributes to ethanol-induced apoptosis
and whether SFN can prevent ethanol-induced apoptosis
by diminishing ethanol-induced upregulation of DNMT3a,
DNMT3a was knocked down by siRNA in hNCCs. Apoptosis
was determined by the analysis of caspase-3 activation using
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FIGURE 5 | The knockdown of DNMT3a diminished ethanol-induced down-regulation of NAIP and XIAP and enhanced the effects of SFN against ethanol-induced
down-regulation of NAIP and XIAP in hNCCs. hNCCs transfected with control-siRNA or DNMT3a-siRNA were treated with 1 uM SFN for 24 h, followed by
concurrent exposure to 1 wM SFN and 50 mM ethanol for an additional 24 h. (A) The mRNA expression of NAIP and XIAP was determined by gRT-PCR. (B) The
protein expression of NAIP and XIAP was determined by Western blotting. Data are expressed as fold change over control and represent the mean + SEM of three
separated experiments. *p < 0.05, **p < 0.01.

Western blot. As shown in Figure 6A, the knockdown of
DNMT3a by siRNA significantly reduced ethanol-induced
caspase-3 activation, indicating that the knockdown of DNMT3a
can diminish ethanol-induced apoptosis in hNCCs. These results
were further confirmed by the results from the flow cytometric
analysis of Annexin V staining, which have clearly shown that
knockdown of DNMT3a can significantly reduce the number
of early apoptotic cells in ethanol-exposed hNCCs (Figure 6B).
The knockdown of DNMT3a also significantly enhanced the
protective effects of SFN against ethanol-induced apoptosis.
These results demonstrate that ethanol-induced upregulation of
DNMT3a contributes to ethanol-induced apoptosis and that SEN
can prevent ethanol-induced apoptosis in hNCCs by diminishing
ethanol-induced upregulation of DNMT3a and reducing the
activity of DNMTs.

DISCUSSION

Ethanol-induced apoptosis in NCCs is one of the major
mechanisms underlying the pathogenesis of FASD. Previous

studies have demonstrated that ethanol exposure during the
early stages of development resulted in excessive cell death in
NCCs in mouse embryos (Kotch and Sulik, 1992; Dunty et al,,
2001). Using an in vitro model of mouse NCCs, JoMal.3, our
laboratory has also shown that ethanol exposure significantly
increased apoptosis in NCCs (Chen et al, 2015; Li et al,
2019b). In this study, we have shown that exposure to ethanol
resulted in a significant increase in apoptosis in hNCCs. This
is the first study that demonstrates that ethanol can induce
apoptosis in human NCCs.

Apoptosis can be induced and regulated by multiple signaling
pathways, including the inhibitor of apoptosis proteins (IAP),
a group of negative regulators of apoptosis. IAPs contribute to
cell survival by controlling the formation of cell-death-activating
platforms, including the apoptosome in Drosophila and the
Ripoptosome in mammals, and mediating activation of NF-
kB and subsequent induction of pro-survival gene transcription
through their ability to functions as E3 ligases (Silke and Meier,
2013). IAPs have been implicated in the pathology of human
cancers by inhibiting apoptosis, and the overexpression of IAPs
has been found in various cancers (Wright and Duckett, 2005).
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FIGURE 6 | The knockdown of DNMT3a diminished ethanol-induced apoptosis and enhanced the protective effects of SFN in hNCCs. hNCCs transfected with
control-siRNA or DNMT3a-siRNA were treated with 1 £M SFN for 24 h, followed by concurrent exposure to 1 WM SFN and 50 mM ethanol for an additional 24 h.
The protein expression of DNMT3a was determined by Western blotting (A). Apoptosis was determined by the analysis of caspase-3 cleavage by Western blotting
(A) or flow cytometry with Annexin V-FITC apoptosis detection kit (B). Data are expressed as fold change over control (A) or percentage (B) and represent the
mean + SEM of three separated experiments. *p < 0.05, *p < 0.01, **p < 0.001.
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Studies have also revealed the importance of IAPs in the adaptive
response to cell damages (Marivin et al., 2012). It was reported
that XIAP and NIAP are involved in the adaptive response of
neuronal cells to hypoxic-ischemia-induced injury (Holcik et al.,
2000; Russell et al., 2008; West et al., 2009). The down-regulation
of XIAP has also been linked to neurodegenerative disorders,
including Wilson’s and Huntington’s diseases (Goffredo et al.,
2005; Weiss et al., 2010). In addition, IAPs were found to
be critical for embryonic development. The knockdown of
birc5a resulted in multiple defects in the nervous system, the
cardiovascular system, and the hematopoietic system (Delvaeye
et al, 2009). In this study, we have shown that ethanol
exposure can significantly decrease the expression of NAIP and
XIAP and induce apoptosis in hNCCs and that SEN treatment
that can diminish ethanol-induced down-regulation of NAIP
and XIAP can also decrease the ethanol-induced apoptosis in
hNCCs, demonstrating that down-regulation of NAIP and XIAP
contributes to ethanol-induced apoptosis in hNCCs.

Epigenetic modifications, including DNA methylation and
histone modifications, are well-known mechanisms for the
regulation of gene expression and are involved in the regulation
of many genes associated with various cellular functions,
including apoptosis (Boyanapalli and Kong, 2015; Sui et al,
2015; Kang et al, 2019). Studies have shown that epigenetic
modifications contribute to the detrimental consequences of
alcohol abuse during pregnancy in the developing fetus
(Basavarajappa and Subbanna, 2016). Recent studies in our
laboratory have demonstrated that ethanol exposure significantly
increased apoptosis through decreasing histone acetylation at
the promoters of the anti-apoptotic gene, Bcl2 (Yuan et al,
2018). We have also shown that ethanol-induced reduction
in the enrichment of trimethylation of histone H3 Lysine
4 (H3K4me3) at the promoters of Snaill contributes to
ethanol-induced apoptosis in NCCs (Li et al,, 2019b). In this
study, we have shown that ethanol exposure resulted in a
significant increase in the methylation levels at the promoters
of XIAP and NIAP and decreased the expression of these
anti-apoptotic genes in hNCCs. These results indicate that,
in addition to histone modification, DNA methylation also
contributes to the regulation of the anti-apoptotic genes in
ethanol-exposed NCCs.

DNMTs are key enzymes that catalyze the DNA methylation
process by transferring a methyl group to DNA (Robertson
et al., 1999; Uysal et al.,, 2015). DNMT3a is the main enzyme
involved in DNA methylation in mammals (Singal and Ginder,
1999). It is well-known that DNMT3a plays a critical role in
the establishment of methylation patterns during development
(Zahnow et al.,, 2016). In addition, the defect of DNMT3a
was reported to result in non-progressive neurodevelopmental
conditions (Weissman et al., 2014). Environmental stimuli in
pregnant rat have been found to increase DNMT3a expression
and alter DNA methylation levels in their offspring (Jensen
Pena et al, 2012). A study has also demonstrated that
ethanol exposure increased the expression of DNMT3a in rats
(Sakharkar et al, 2014). In addition, it has been reported

that DNMT3a can regulate the expression of apoptosis-related
genes in cancer cells through changing the methylation levels
at the promoter regions of the apoptosis-related genes, such
as Bad, Bax and Bcl2 (Jing et al, 2019; Li et al, 2019a;
Wei et al, 2019). Consistent with these findings, we found
that ethanol exposure significantly increased the expression
of DNMT3a in hNCCs. Ethanol exposure also resulted in
a significant increase in the activity of DNMT. In addition,
knockdown of DNMT3a dramatically diminished ethanol-
induced down-regulation of NAIP and XIAP, demonstrating that
the ethanol-induced upregulation of DNMT3a contributes to
the hypermethylation at the promoters of NAIP and XIAP and
the down-regulation of these anti-apoptotic genes in hNCCs
exposed to ethanol.

It has been reported that SFN can act as an inhibitor of
histone deacetylase (HDAC) and DNMTs to modulate epigenetic
modification of genes in varied types of cells (Ali Khan et al.,
2015; Suetal., 2018; Yuan et al., 2018). Studies have demonstrated
that SEN can suppress the LPS-induced apoptosis in monocyte-
derived dendritic cells through down-regulating DNMT3a
and the suppression of TGF-f signaling (Qu et al, 2015).
Recent studies from our laboratory have also demonstrated
that SFN can reduce ethanol-induced apoptosis in NCCs by
diminishing ethanol-induced reduction of histone acetylation
at the promoter of Bcl2 and preventing the down-regulation of
Bcl2 in ethanol-exposed NCCs (Yuan et al., 2018). In the present
study, we found that SEN treatment diminished ethanol-induced
upregulation of DNMT3a and dramatically reduce the activity
of DNMTs in ethanol-exposed hNCCs. Treatment with SFN
also diminished the ethanol-induced hypermethylation at the
promoters of NAIP and XIAP and the down-regulation of
NAIP and XIAP and subsequently reduced ethanol-induced
apoptosis in hNCCs. These results demonstrate that SEN can
prevent ethanol-induced apoptosis in hNCCs by epigenetically
modulating the DNA methylation at the promoters of
anti-apoptotic genes.

In conclusion, the present study has demonstrated that
SEN treatment diminished the ethanol-induced upregulation of
DNMT3a and dramatically reduced the activity of DNMTs in
ethanol-exposed hNCCs. We also found that ethanol exposure
induced hypermethylation at the promoter regions of NAIP and
XIAP, which were prevented by co-treatment with SFN. SEN
also diminished ethanol-induced down-regulation of NAIP and
XIAP and apoptosis in hNCCs. The knockdown of DNMT3a
significantly enhanced the effects of SFN on preventing the
ethanol induced repression of NAIP and XIAP and apoptosis
in hNCCs. These results demonstrate that ethanol-induced
upregulation of DNMT3a and the hypermethylation at the
promoters of NAIP and XIAP and subsequent down-regulation
of NAIP and XIAP contribute to ethanol-induced apoptosis in
hNCCs and that SFN can prevent ethanol-induced apoptosis
in hNCCs by preventing ethanol-induced hypermethylation at
the promoters of the genes encoding the IAP proteins. These
findings suggest that SEN may represent a promising and effective
agent for the prevention of ethanol-induced apoptosis and FASD.
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Hypoxia is a state of inadequate supply of oxygen. Increasing evidence indicates that a
hypoxic environment is strongly associated with abnormal organ development. Oxygen
nanobubbles (ONBs) are newly developed nanomaterials that can deliver oxygen to
developing tissues, including hypoxic cells. However, the mechanisms through which
nanobubbles recover hypoxic tissues, such as developing tooth germs remain to be
identified. In this study, tooth germs were cultured in various conditions: CO» chamber,
hypoxic chamber, and with 20% ONBs for 3 h. The target stages were at the cap stage
(all soft tissue) and bell stage (hard tissue starts to form). Hypoxic tooth germs were
recovered with 20% ONBs in the media, similar to the tooth germs incubated in a CO»
chamber (normoxic condition). The tooth germs under hypoxic conditions underwent
apoptosis both at the cap and bell stages, and ONBs rescued the damaged tooth germs
in both the cap and bell stages. Using kidney transplantation for hard tissue formation
in vivo, amelogenesis and dentinogenesis imperfecta in hypoxic conditions at the bell
stage were rescued with ONBs. Furthermore, glucose uptake by tooth germs was highly
upregulated under hypoxic conditions, and was restored with ONBs to normoxia levels.
Our findings indicate that the strategies to make use of ONBs for efficient oxygen targeted
delivery can restore cellular processes, such as cell proliferation and apoptosis, glucose
uptake, and hypomineralization in hypoxic environments.

Keywords: tooth, hypomineralization, hypoxia, oxygen nanobubble, apoptosis, proliferation, metabolism

INTRODUCTION

Tooth development is a complex process mediated through a series of signals between two adjacent
tissues, the epithelium, and the underlying mesenchyme (Kim et al., 2008). Mammalian teeth form
via morphogenesis of individual tooth germs, which begin as dental placodes in the embryonic
oral ectoderm and sequentially pass through the bud, cap, and bell stages (Kwon et al., 2015).
During morphogenesis, the epithelium is called enamel organ, which consists of the inner enamel
epithelium and differentiating to enamel producing ameloblasts, the outer enamel epithelium and
the stellate reticulum and stratum intermedium cells (Jussila and Thesleff, 2012). The growth and
folding of the inner enamel epithelium during the bell stage determine the size and shape of the
tooth crown (Yu and Klein, 2020). The shape is fixed when the organic matrix of dentin and enamel

Frontiers in Cell and Developmental Biology | www.frontiersin.org 142

February 2021 | Volume 9 | Article 626224


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://www.frontiersin.org/journals/cell-and-Developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-Developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.626224
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.626224&domain=pdf&date_stamp=2021-02-15
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hsj8076@gmail.com
mailto:nanomed@cau.ac.kr
https://doi.org/10.3389/fcell.2021.626224
https://www.frontiersin.org/articles/10.3389/fcell.2021.626224/full

Kim et al.

Oxygen Nanobubbles in Developing Tooth

mineralize because dentin or enamel does not remodels later
(Lesot and Brook, 2009).

Signals from the dental epithelium first induce the
differentiation of underlying mesenchymal cells into
odontoblasts (Jussila and Thesleff, 2012). The odontoblasts
deposit dentin matrix and signal back to the epithelium,
inducing differentiation of epithelial cells into functional
ameloblasts (Karcher-Djuricic et al,, 1985). Odontoblasts are
responsible for the formation of dentin and pre-dentin, which
is an immature mineralized tissue (Smith and Nanci, 1995).
Enamel development and mineralization is a complex process
that tightly regulates ameloblasts.

Enamel or dentin formation are affected by several factors, and
the changes induced during enamel or dentin formation impact
the enamel or dentin (Heijs et al., 2007; Padavala and Sukumaran,
2018). Developmental defects of the enamel and dentin occur in
rare genetic disorders, and are termed amelogenesis imperfecta
(AI) or dentinogenesis imperfecta (DGI) (Barron et al., 2008).
AT describes a group of genetic conditions that result in defects
in the formation of the tooth enamel. Mutations in many genes
including amelogenin (AmelX for female and AMELY for males),
enamelin (ENAM), and ameloblastin (Ambn), are known to
cause Al and affect the proteins secreted by enamel secreting
cells, ameloblasts (Smith and Nanci, 1995; Smith et al., 2017). Al
has been broadly classified into hypoplastic and hypomineralized
types (Gadhia et al,, 2012). Dentine encloses the dental pulp
and is surrounded by the enamel. DGI and dentine dysplasia
(DD) include a group of autosomal dominant genetic conditions
characterized by abnormal dentine structures (Barron et al.,
2008). DGI type I is inherited by osteogenesis imperfecta and
recent genetic studies suggest that involvement of mutations in
the genes encoding collagen type 1, COL1A1, and COL1A2. All
other forms of DGI, appear to result from mutations in the
gene encoding dentine sialophosphoprotein (DSPP), suggesting
that these conditions are allelic. Demarcated enamel opacities
that affect one or more permanent first molars, and frequently
also incisors, can occur in teeth. This condition is referred to
molar-incisor hypomineralization (MIH) (Alaluusua, 2010; Garg
et al,, 2012; Sidaly et al., 2015; Lee et al., 2020). Hypoxia has
been suggested as a possible etiological factor of MIH. Although
the occurrence of MIH in humans does not impact survival, it
can have aesthetic effects, and cause dental defects. However,
the etiology of hypomineralization during enamel or dentin
formation is not fully understood.

Oxygen is the most critical molecule for survival of most
organisms (Sitkovsky et al., 2004). Hypoxia is a condition of
insufficient supply of oxygen to cells and tissues. Hypoxia
inducible factor 1 (HIF-1a), a key regulator of hypoxia response,
has complex roles. HIF-1a can induce apoptosis, prevent cell
proliferation, or even stimulate cell proliferation. The severity of
hypoxia determines whether cells become apoptotic or adapt to
hypoxia and survive (Greijer and van der Wall, 2004; Guo, 2017).

HIF-1a initiates apoptosis by inducing high concentrations of
pro-apoptotic proteins, and causes stabilization of p53 (Greijer
and van der Wall, 2004). p53 plays a critical role in inducing cell
cycle arrest or apoptosis (Nakamizo et al., 2008). Under normal
conditions, p53 remains inactive due to its rapid degradation

by the ubiquitin ligase, Mdm2 (Marine and Lozano, 2010).
However, upon cellular stress, such as in hypoxic conditions,
P53 becomes phosphorylated resulting in inhibition of Mdm2-
mediated degradation and accumulation of transcriptionally
active p53, which activates several targets including cell cycle
inhibitors and pro-apoptotic proteins resulting in apoptosis
or proliferation arrest (Yan et al, 2009; Sadagopan et al,
2012). Furthermore, caspases play an essential role in apoptosis
(Guo, 2017). p53 and other signaling pathways lead to caspase
activation, including caspase-3, that cleaves essential cellular
proteins and causes apoptosis (Speidel, 2010). On the other hand,
regulation by HIF-1a is closely related to energy metabolism
(Rastogi et al., 2007). In response to hypoxia, cells increase
glucose uptake by upregulating membranous expression of
glucose transporter-1 (GLUT-1) (Malhotra and Brosius, 1999).
Facilitating GLUT-1 can reduce hypoxia-induced apoptosis due
to the protective role of glycolysis of glucose. During tooth
development, glucose uptake mediated in GLUT-1 is essential
for early tooth morphogenesis and size determination of murine
molars (Ida-Yonemochi et al., 2012). However, the mechanisms
through which HIF-1a, induced by hypoxic conditions, regulates
tooth development and mineralization by cellular events, such as
proliferation, cell apoptosis and metabolism has not been studied.

Oxygen nanobubble (ONB) is a newly developed material,
which can deliver acceptable oxygen to developing tissues,
including hypoxic cells (Bhandari et al., 2017; Khan et al., 2018).
ONBs consist of a phospholipid hydrophilic shell with oxygen
gas inside (Bhandari et al, 2017; Khan et al., 2018). ONBs
release oxygen via a diffusion mechanism, as phospholipids are
permeable to gas (Bhandari et al., 2017; Khan et al, 2018).
ONBs released ~500 pLg/mL more oxygen (Bhandari et al., 2017;
Khan et al., 2018). It has been demonstrated that ONBs reverse
hypoxia and suppress HIF-la activity in tumor cells (Khan
et al., 2018). This study aimed to investigate whether oxygen
delivery into developing tooth germs via ONBs improves the
hypoxic condition, and understand how the mineralization of
enamel and dentin can be regulated using ONBs. A new hypoxia-
based strategy for regenerative approaches in the dental field
is presented.

MATERIALS AND METHODS

All experiments were performed according to the guidelines of
the Yonsei University College of Dentistry, Intramural Animal
Use and Care Committee (2019-0306).

Animals

Adult ICR mice (purchased from Koatech Co, Pyeongtaek,
Korea) were housed in a temperature-controlled room (22°C)
under artificial lighting (lights on from 05:00 to 17:00) and 55%
relative humidity with access to food and water ad libitum.
Embryos were obtained from time-mated pregnant mice. E0 was
designated as the day on which the presence of a vaginal plug was
confirmed. Embryos from each developmental stage (E13 for cap
stage, and E16 for bell stage) were used in this study.
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