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Abstract

The TP53 gene is unarguably one of the most studied human genes. Its encoded protein, p53, is a tumor suppressor and is often called the “guardian
of the genome” due to its pivotal role in maintaining genome stability. Historically, most studies of p53 have focused on its roles in somatic cells and
tissues, but in the last 2 decades, its functions in embryonic stem cells (ESCs) and induced pluripotent stem cells have attracted increasing attention.
Recent studies have identified p53 as a critical regulator of pluripotency, self-renewal, differentiation, proliferation, and genome stability in mouse and
human embryonic stem cells. In this article, we systematically review the studies on the functions of p53 in ESCs, provide an updated overview, attempt
to reconcile controversial results described in the literature, and discuss the relevance of these cellular functions of p53 to its roles in tumor suppression.
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p53 is involved in sustaining the balance between self-renewal and differentiation in embryonic cells for proper development and homeostasis.
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Significance Statement

Embryonic stem cells (ESCs) are capable of self-renewal and differentiate into most cell types. They have great potential in cell therapy
and are an excellent model for early embryonic development. p53 is one of the critical proteins that sustain the balance between self-
renewal, differentiation, and genomic integrity in ESCs for proper development and homeostasis. This review article discusses the studies
on the roles of p53 in ESCs by highlighting the possible underlying mechanisms and emphasizing the controversies in the niche field of
p53 research to provide more insights into future studies of p53 functions in cancer and development.

Introduction

Embryonic stem cells (ESCs) are capable of unlimited self-re-
newal and retain pluripotency to differentiate into all 3 germ
layers in the body during gastrulation, which ultimately gives
rise to an entire organism.'? ESCs are isolated from the inner
cell mass (ICM) of blastocysts, an early stage of embryo devel-
opment.’ The self-renewal capacity of embryonic stem cells is
achieved by maintaining a delicate balance between prolifera-
tion, self-renewal, and the prevention of apoptosis or senescence.*

The remarkable ability of ESCs to differentiate into all
cell types necessitates unique and robust mechanisms to mit-
igate insults that jeopardize genome stability. For example,
ESCs are highly sensitive to DNA damage stressors.’ This
hypersensitivity to DNA damage is postulated as one of
the mechanisms to minimize the risk of passing unrepaired
genomic alterations to daughter cells, as ESCs with dam-
aged DNA are removed from the population, a process of
maintaining a low DNA mutation burden.® This theory is
supported by the observation that the mutation frequency
is 100 times lower in ESCs than in differentiated cells.®
However, hypersensitivity to DNA damage is a double-edged
sword. On the one hand, ESCs maintain a population with
a pristine genome by eliminating rogue cells. On the other
hand, this mutation-proof mechanism could easily lead to
the loss of the ESC population, which could cause develop-
mental abnormalities and cancer.” It remains unclear how the
organism strikes a fine balance between genome stability and
cell population stability to ensure normal development. As
the “guardian of the genome,” p53 may be a pivotal player in
this delicate balancing act.

p33 is a well-known sequence-specific transcription factor
that regulates the expression of genes involved in apoptosis,
cell cycle arrest, DNA repair, and senescence in response to
various genomic and oncogenic insults, thereby contributing
to the maintenance of genome stability.**° Apart from its roles
in sustaining homeostasis in somatic cells, the importance of
p33 in stem cell biology has also received significant interest.
This review will summarize the roles of p53 in embryonic
stem cells, provide an update on recently published studies,
and outline controversies in this niche field of p53 research.

An Overview of p53

p353 was first discovered in 1979 as a binding partner of the
SV40 large T-antigen.!! It was initially thought to be an on-
cogene because the mutated TP53 ¢cDNA was cloned from
transformed cells. Later studies, however, indicated that p53
is a tumor suppressor and that almost half of the human
tumors have either TP53 mutations or deletions.'? Shortly
after, germline mutations in the TP53 gene were found to be
associated with an inherited disorder, Li-Fraumeni syndrome
(LFS). Individuals with LFS have a high risk of developing
different types of cancer at a young age."

Human p53 protein consists of 393 amino acids. Structural
and functional analysis has demonstrated that p53 consists of
both a nuclear localization signal (NLS) and nuclear export
signal (NES), which facilitate the shuttling of p53 between the
nucleus and cytoplasm (Fig. 1).'* Without stress, p53 protein
levels are low, and the protein is primarily cytoplasmic. Upon
various stresses, p53 is stabilized and translocates to the nu-
cleus, where it binds to chromatin and activates its target
genes. p53 has 2 amino-terminal transactivation domains
(TADs) followed by a conserved proline-rich domain, a cen-
tral DNA-binding domain, a tetramerization domain, and a
carboxy-terminal regulatory domain (CTD)."

Most TP53 mutations are missense mutations that cluster in
a region encoding the central DNA-binding domain. Among
those mutations, 8 amino acid substitutions (R175H, Y220C,
G245, R248Q, R248W, R249S, R273H, and R282W), called
“hotspot mutations,” are the most frequently identified in
humans (Fig. 1A).'%'” These hotspot mutations are categorized
into 2 groups: “contact mutations” (R248 and R273) that
affect the ability of p53 to interact with DNA and “confor-
mational mutations” (R175, Y220, G245, R249, and R282)
that disrupt the folding of p53.'%'” Some mutations result in
the loss of p53’s tumor suppressor activity and therefore are
called loss-of-function (LOF) mutations. Others produce p53
mutants that have dominant negative effects or gain new on-
cogenic functions that promote tumor progression, and these
mutations are gain-of-function (GOF).!” The GOF of p53 mu-
tant provides therapeutic opportunities for cancer treatment.

The expression and activity of p53 is tightly regulated.
Under normal conditions, p53 protein levels are kept low by
E3 ligases such as MDM2,'® COP1,"* and PIRH2% (Fig. 1B).
MDM4 (also known as MDMX), a homolog of MDM2, is
another negative regulator of p53. Unlike MDM2, MDM4
has no E3 ligase activity and functions by directly inhibiting
P33 activity rather than promoting its degradation.?! Various
stressors, such as DNA damage, virus infection, oncogene ac-
tivation, or nutrient deprivation, trigger the release of p353
from its negative regulators and lead to the stabilization and
activation of p53.2> Activated p53, in turn, binds to specific
sequences of the genome and alters the expression of many
genes.” This process is regulated by several cofactors and
numerous post-translational modifications (PTMs), such
as phosphorylation, acetylation, sumoylation, and methyla-
tion.?* The combinatorial effects of these cofactors and PTMs
fine-tune p53 stabilization and activation (Fig. 1B).

The TP53 (Trp53 in mice) gene is also subject to transcrip-
tional and epigenetic regulation, and the mechanisms of this
regulation in somatic cells have been reviewed by others.?52¢
The transcription factors regulating TP53 are c-MYC, CTCEF,
YY1, PAX, C/EBPB, and RBP-Jk under varying conditions
(Fig. 1B).2¢ Interestingly, the mRNA levels of Trp53 are high
in mouse ESCs (mESCs) and downregulated upon differenti-
ation,”” suggesting that transcriptional regulation may be a
critical step in regulating the expression of Trp53 in mESCs.
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Figure 1. (A) Domain architecture of p53. The major functional domains of p53 are shown including the N-terminal transactivation domain (TAD), proline-
rich domain, DNA-binding domain, carboxy-terminus domain (CTD), as well as the nuclear localization signal (NLS) and nuclear export signal (NES),
which are involved in transportation of p53 between the nucleus and cytoplasm. “Hotspot” mutations are also depicted in the DNA-binding domain.
Created with IBS (http://ibs.biocuckoo.org/). (B) A schematic showing both transcriptional and post-transcriptional regulation of TP53 (or p53) under
varying conditions. In unstressed conditions, TP53 is downregulated by transcription factors such as RBP-Jx, PAX, and CTCF At the post-transcriptional
level, p53 is ubiquitylated by MDM2 or other E3 ligases and subsequently degraded by the proteasome. Under stressed conditions, transcription
factors such as c-MYC, YY1, and C/EBPf enhance TP53 level. p53 is activated and acquires post-translational modifications such as phosphorylation

(P), acetylation (AC), methylation (me), or sumoylation (sumo). Activated p53 then binds to chromatin as a tetramer and regulates its target genes to

modulate various cellular functions. Created with BioRender.com.

In support of this concept, key transcription factors of ESCs,
such as TCF3, NANOG, OCT4, have been shown to regulate
TrpS3 transcription.?”*

One of the primary cellular functions of p53 is to regulate
downstream transcriptional targets involved in apoptosis,
cell cycle, senescence, DNA repair, ferroptosis, metabolism,
autophagy, lysosomal function, and numerous other critical
processes.® In addition to these nuclear functions, p53 has been
shown to have cytoplasmic roles. A well-documented cyto-
plasmic role of p53 is to regulate mitochondrial function and
cell death.?” Despite the discovery of all these cellular pathways
regulated by p53, it remains unclear which pathway(s)
contributes to the tumor-suppressive function of p53.3%3!

In addition to its role as a tumor suppressor, p53 has been
implicated as a critical factor regulating development. This
area has long been overlooked because p53 knockout mice
are outwardly “normal” in development. However, there is a
resurgence of interest in this topic, which coincides with the
studies of p53 in ESCs and induced pluripotency stem cells
(iPSCs).32% This review aims to comprehensively summarize
the studies on the functions of p53 in ESCs and highlight re-
cent studies of p53 in ESCs.

The Multiple Functions of p53 in ESCs

In addition to the functions described for p53 in somatic
cells, p53 also modulates self-renewal, differentiation, and
pluripotency in ESCs. We note that there is no strict boundary
between ESC-specific and non-ESC-specific functions of p53 be-
cause some of the non-ESC-specific functions of p53, such as cell
cycle regulation, are tightly intertwined with the pluripotent and
lineage choice pathways in ESCs.?¢ The precise outcome of p53
activation in ESCs depends on several factors, including stress
types, cell types, differentiation stages, specific post-translational
modifications on p353, and associated co-regulatory factors.’”
The overall role of p53 is to sustain the balance between self-re-
newal, differentiation, and genomic integrity in ESCs for proper
development and homeostasis.*® These potential roles of p53, in
the context of the differences between human and mouse ESCs
(hESCs and mESCs), will be discussed below.

A Summary of Comparative p53 Functions in
Human and Mouse ESCs

Both hESCs and mESCs have the ability to replicate (self-re-
newal) and differentiate into most cell types (pluripotency).>*
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The undifferentiated state of hESCs and mESCs is regulated
by several core transcription factors, such as OCT4, SOX2,
NANOG, KLF4, and other epigenetic modifiers. These factors
cooperatively maintain the pluripotency of stem cells while
suppressing differentiation.* Although the major self-renewal
and pluripotency networks in hESCs and mESCs are similar,
there are some notable differences. For example, the classical
media for culturing hESCs and mESCs are different. Leukemia
inhibitor factor (LIF) is commonly used in the conventional
culture medium for mESCs, while fibroblast growth factor
(FGF) is needed for culturing hESCs. In addition, although both
hESCs and mESCs are derived from the ICM of blastocysts,
hESC gene expression patterns, signaling responses, appear-
ance, and culture requirements are more similar to pluripotent
epiblast-derived stem cells (EpiSCs) than mESCs.*!-#2

The overall role of p53 is similar in hRESCs and mESCs. For
example, activated p53 induces the differentiation of hESCs
and mESCs.’**% However, the molecular mechanisms un-
derlying the functions and the modes of action of p53 differ
between hESC and mESCs. How the intrinsic differences
between hESCs and mESCs shape p53 functions will be
reviewed in the subsequent sections (Fig. 2).

Roles of p53 in Differentiation and Self-Renewal of
ESCs

P53 plays a significant role in maintaining the balance between
self-renewal and differentiation through different mechanisms

Human ESCs |

Stem Cells, 2022, Vol. 40, No. 10

(Fig. 2A and 2B). In mESCs, p53 induces differentiation by
transcriptionally repressing master pluripotency regulators
such as Nanog, Oct4, and Sox2 (Table 1).>%* In hESCs, ac-
tivated p53 induces microRNAs (miR-34 and miR-145),
which in turn suppress the expression of master regulators,*
or repress the hESC-specific IncRNA, IncPRESS1, to regu-
late the SIRT6/H3K56ac axis (Fig. 2B; Table 1).* Therefore,
the effect of p53 on the expression of master regulators in
hESCs appears to be indirect, ie, the repression is mediated by
intermediatory factors, such as miRs and IncRNAs.

In response to DNA damaging agents, pS3 promotes the
transcription of Wnt genes, which have an anti-differentiation
role in mESCs (Fig. 2B; Table 1).°° It has been postulated that
p53-induced Wnt ligands released from damaged mESCs may
act on neighboring cells to prevent their differentiation, pre-
sumable acting as a compensatory mechanism to maintain
the cell number in the population.*” This hypothesis assumes
that biologically relevant DNA damage only affects a pro-
portion of mESCs and has not been experimentally tested.
Interestingly, in hESCs, the induction of WNTs by p53, p63,
and p73 in response to differentiation cues is required for
mesendodermal differentiation.’!

Recent studies found that ESCs with high levels of p53
lost the competition to those with low levels of p53.5%%
Mathematical modeling showed that the competition is de-
pendent on close cell-to-cell contact.”? Given that Wnts
mediate short-distance cell-cell communication, it will be
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Figure 2. A comparative view of p53 functions in self-renewal, differentiation, cell cycle, and apoptosis in human and mouse ESCs. Created with
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Table 1. Main p53-regulated targets in ESCs.

Cell type Target name Regulation Effect Reference
mESCs Nanog Repression Induces differentiation 34,45
mESCs Oct4 Repression Induces differentiation 34,45
mESCs Sox2 Repression Induces differentiation 34,45
hESCs miR34 (microRNA) Activation Induces differentiation 46

hESCs miR145 (microRNA) Activation Induces differentiation 46

hESCs IncPRESS1 (IncRNA) Repression Regulation of SIRT6/h3kS6ac axis 44
mESCs Wnt ligands Activation In response to DNA damage, induces anti-differentiation 47

hESCs BAX Activation Induces apoptosis 48

hESCs PUMA Activation Induces apoptosis 48
mESCs Apela (a regulatory RNA) Activation Induces apoptosis 49

interesting to study in the future whether the p53-Wnt axis
mediates ESCs competition.

Cell Cycle Regulation of ESCs by p53

In hESCs, the p53-p21 (encoded by the CDKNIA gene)
axis is largely deficient in the G1/S checkpoint.** Upon DNA
damage, CDKN1A mRNA is induced while the p21 protein
is undetectable, partially due to the repression by miR-302s.%

In mESCs, whether p53 plays a role in cell cycle regula-
tion, particularly G1/S arrest, depends on the culture medium.
Naive-state mESCs cultured in a conventional medium, which
contains fetal bovine serum (FBS) and LIE lack the p53-
regulated G1/S checkpoint.®**¢ These cells have a very short
G1 phase, presumably due to high levels of cyclin A-CDK2
and cyclin E-CDK2.%7 Activated p53 does not promote G1/S
arrest. Instead, it induces apoptosis and/or differentiation.
However, if mESCs are maintained in the ground state by 2i
medium, which contains inhibitors of mitogen-activated pro-
tein kinase kinase (Mek, PD0325901) and glycogen synthase
kinase-3 (Gsk3, CHIR99021), the p53-p21 axis is required
for G1/S arrest (Fig. 2C).*® The differential level of p21 in
mESCs grown in serum-containing medium and 2i medium
is one factor that may explain these seemingly contradictory
results. In the serum-containing medium, p53, upon activa-
tion, induces the Cdknla mRNA; however, the p21 protein
is difficult to detect” (Fig. 2C). Similar to hESCs, the absence
of p21 protein partially results from the repression by miRs,
such as members of the miR-290 family.” In the 2i medium,
however, the p21 protein is readily detectable.®® Therefore,
the transcriptome and/or epigenome, affected by culture
conditions, of ESCs can dramatically alter the function of
pS53. It remains to be determined how the different pathways
for differentiation and self-renewal of hESCs and mESCs, as
mentioned above, affect the modes of action of p53 in cell
cycle regulation of hESCs and mESCs.

The Controversial Roles of p53 in Regulating the
Apoptosis of ESCs

In differentiated cells, prolonged or high-dose DNA damage
leads to elevated p53 in the nucleus and mitochondria, which
in turn activates its targets, such as BAX, PUMA, and NOXA.
These pro-apoptotic factors initiate cell death.®' In hESCs,
p53 induces rapid apoptosis through several mechanisms. A
study by Grandela et al demonstrated that etoposide-induced
apoptosis dramatically changes the subcellular localization
of p53, which shuttles from the cytosol to the nucleus and

alters the expression of the key regulators BAX and PUMA
(Fig. 2D; Table 1).*8 Others have shown that p53 regulates the
translocation of BAX to the mitochondria and mitochondrial
priming.®? Interestingly, p53 regulates mitochondria-mediated
apoptosis in mESCs, and this role is mediated by a regula-
tory RNA, Apela (Fig. 2D; Table 1).* These results suggest
that p53 has a convergent role in regulating mitochondria-
mediated apoptosis in hESCs and mESCs. Interestingly,
studies have shown that ESCs typically have structurally
immature and functionally deficient mitochondria.®® As a re-
sult, ESCs generally rely on glycolysis for energy production.
These observations suggest that p53-regulated pro-apoptotic
function of mitochondria is independent from the energy pro-
duction pathway.

However, compared to hESCs, whether p53 induces ap-
optosis in mESCs remains highly contentious. Some have
shown that genotoxic stress-induced apoptosis of mESCs is
dependent on p53,¥465 while others have described p53-
independent apoptosis under similar conditions.’**¢ The
factors that cause this discrepancy are unclear but might in-
clude the culture and experimental conditions. For example,
the issues of different cell confluency (low vs high) and
cleaved caspase-3 antibodies for performing apoptosis assays
were raised.**¢ It is worth discussing the “optimal” conflu-
ence for performing apoptosis assays in mESCs. On the one
hand, most in vitro studies, particularly those in cancer, are
performed under low confluence conditions, as cells growing
under exponential phase are preferred. On the other hand,
the high density of ESCs culture mimics the compact sphere-
like structure of the ICM in blastocysts, from which ESCs are
derived. In addition, as discussed in the cell cycle regulation
by p53 in ESCs, cell culture media composition must also be
considered. It is also possible that different batches of FBS
and LIF could contribute to inconsistent findings reported by
different groups. Thus, to address the discrepancy in the lit-
erature, future studies need to pay extra attention to these
variables.

Ultimately, the value of determining whether p53 promotes
apoptosis of ESCs largely depends on whether the in vitro
system can model the in vivo function of p53. It is worth
noting that an in vivo study showed that p53 is transcription-
ally active in mESCs and capable of regulating cell cycle and
apoptotic genes in the ICM of blastocysts.®” Given that mESCs
are derived from the ICM, this study suggests that p53 has the
ability to activate the pro-apoptotic program in mESCs. In
another study, p53+/+ and p53-/- embryos were exposed to
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X-ray irradiation at embryonic days 3.5 (E3.5) and 9.5 (E9.5).
Although the survival rate of p53-/- embryos was better than
that of p53+/+ due to the lack of apoptosis, p53-/- embryos
had more developmental anomalies.” The implications of this
study are 2-fold. First, DNA damage induces p53-dependent
apoptosis in E3.5 blastocysts, from which mESCs are de-
rived. Second, in response to DNA damage, p53-dependent
apoptosis in early embryonic stages minimizes developmental
anomalies in a population by canceling the development of
damaged embryos. These in vivo studies serve as valuable
guidance for interpreting results from in vitro studies of the
apoptotic role of p53 in ESCs.

Metabolic Regulation of ESCs by p53

The role of p53 in the metabolic regulation of ESCs is rela-
tively understudied compared with its role in processes such
as differentiation and apoptosis. Since culture conditions
undoubtedly affect the metabolism of ESCs, differences in
culture techniques and changes in media composition make
studying the roles of p53 in the metabolic regulation of ESCs
difficult. Recently, pS3 was found to regulates glucose and
choline metabolism in hESCs, for its disruption was associ-
ated with upregulation of phosphatidylcholine and glycol-
ysis and delayed mesendoderm differentiation.®® Common
metabolic p53 targets, such as TIGAR and SCO2, were not
involved, suggesting that p53 may have different metabolic
targets in ESCs compared to differentiated cells. Therefore,
the mechanisms by which p53 regulates glucose and choline
metabolism in hESCs remain unclear.

Negative Regulators of p53 in ESCs

Although the TP53 gene is highly expressed in ESCs, negative
regulators of p53 restrain its activity in the absence of activating
cues. For example, ChIP-seq analysis of chromatin bound by
phosphorylated p53 (serine 18, S18P; S15P in human) revealed
that many p53-bound loci are poised for activation, but p53
activity is suppressed by negative regulators.* In the absence
of stress, p53 activity must be repressed to maintain the undif-
ferentiated status and survival of ESCs. A small-molecule in-
hibitor of MDM2, Nutlin, prevents the binding of MDM2 and
p33 and therefore activates p53. In hESCs, Nutlin treatment

Stem Cells, 2022, Vol. 40, No. 10

leads to rapid differentiation by blocking cell cycle progres-
sion via the p53-p21 axis. Since p21 is a cell cycle factor in
differentiated cells, this suggests that the differentiation and cell
cycle progression processes of hESCs are intertwined. Another
study demonstrated that MDM4 (MDMX) is a key negative
regulator of p53 in mESCs that directly inhibits p53 activity
without affecting p53 protein levels.®

Through a short hairpin RNA (shRNA) screen, Aurora ki-
nase A (Aurka), which is a serine/threonine kinase with key
mitotic regulatory functions was identified as a negative reg-
ulator of p53 in mESCs, possibly by phosphorylating serine
residues 212 and 312 in p53 (Fig. 2A).7° Inhibition of Aurka
led to p53 activation and subsequent ectoderm and mesoderm
differentiation, overall suggesting that Aurka-p53 signaling in
the regulation of self-renewal and differentiation is critical.

OCT4 is a key pluripotency factor involved in maintaining the
self-renewal and pluripotency of ESCs. The anti-differentiation
role of OCT4 has been previously attributed to its ability to
maintain the expression of self-renewal factors while also
suppressing the expression of lineage genes. Another mech-
anism underlying the anti-differentiation function of OCT4
has been reported in hESCs, where OCT4 inhibits p53 activity
by inducing the expression of the histone deacetylase SIRT1, a
known negative regulator of p53 and deacetylates p53 at lysine
120 and 164 in hESCs (Fig. 2A).” In mESCs, SIRT1 controls
p33 activity by a different mechanism (Fig. 2B); deacetylation
of p53 by SIRT1 blocks the translocation of p53 from the cyto-
plasm to the nucleus in response to endogenous reactive oxygen
species (ROS). The retaining of p53 in the cytoplasm triggers
mitochondria-dependent apoptosis in mESCs and reduces p53-
mediated Nanog repression in the nucleus (Fig. 2D).” Thus, the
balance between pro-apoptotic function and pro-differentiation
roles of p53 in mESCs is regulated by SIRT1.

The Relevance of P53’s Roles in ESCs to Its
Tumor Suppressive Functions

Cancer stem cells (CSCs) or cancer-initiating cells (CICs), which
are transformed and stem-like cells, can initiate tumors, per-
sist after cancer therapy, and gain more aggressive features.”
Since embryonic stem cells and cancer stem cells (CSCs) display
similarities based on their high plasticity and overlapping gene
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Figure 3. Mutant p53 gains various oncogenic functions to support tumorigenesis and dedifferentiation of somatic cells into cancer stem cells (CSCs).

Created with BioRender.com.
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signatures, studying the roles of p53 in ESCs may shed new
light on the role of p53 in preventing the establishment of CSCs
in somatic tissues (Fig. 3). The potential role of p53 as a barrier
to CSC formation has been extensively reviewed elsewhere.’7
ESCs and iPSCs hold great promise in cell therapy. However,
even although these cells are considered non-transformed, they
can form teratomas when transplanted into non-orthotopic
tissues.” It remains unclear how p33 is involved in tumori-
genesis of these pluripotent stem cells. After sequencing 140
human iPSC clones, Merkle et al found that 5 of these cell
lines carried dominant negative TP53 mutations.”’ Prolonged
passages of these cell lines increased the fractions of TP53
mutated alleles, suggesting that p53 plays essential functions
in cultured iPSCs. Given the similarities between hESCs and
hiPSCs, high passage hESCs might also gain TP53 mutations,
therefore increasing the tumorigenic abilities and dampening
the clinical applications of these cells. However, similar
sequencing studies have not been performed in hESCs.

Concluding Remarks and Perspectives

In the past 2 decades, much has been learned about the
functions of p53 in ESCs. The emerging view is that p53
regulates the differentiation and self-renewal of mESCs and
hESCs by altering the expression of ESC-enriched factors, such
as OCT4, NANOG, and SOX2. In addition to its ESC-specific
functions, p53 also has non-ESC-specific functions in ESCs,
for example, apoptosis and cell cycle regulation. As discussed
above, these non-ESC-specific functions are tightly connected
to ESC-specific functions. These functions of p53 collectively
may contribute to the low mutation burden of ESCs.

Of note, controversies regarding the pro-apoptotic function
of p53 in ESCs still exist. Recent studies have highlighted ex-
perimental variables, such as in vitro culture conditions, that
may underlie the seemingly contradictory results reported
by different groups. In addition, in vitro culture conditions
for ESCs are still evolving, compounding the difficulty in
comparing past and present data. We propose that the design
and interpretation of results from in vitro experiments need
to be complemented by in vivo experiments. Moreover, when
interpreting the results from studies of p53 in ESCs, it is crit-
ical to consider whether those studies were performed in the
absence or presence of stresses. In the future, the combina-
tion of in vitro and in vivo studies will help reconcile some
remaining controversies regarding the roles of p53 in ESCs,
embryonic development, and tumorigenesis. As the culturing
conditions of hESCs and hiPSCs mature, we will see more
studies using these systems to model the roles of p53 in
human embryonic development and developmental diseases.
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