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A B S T R A C T

Embryonic stem cells (ESCs) exhibit an unusual cell cycle profile containing a short G1 phase. Whether this
feature is required to maintain pluripotency is a matter of debate. Here, we report that the short G1 phase is a
consequence of MEK1/2 kinase-mediated promotion of G1/S transition, but not necessarily coupled with plu-
ripotency maintenance. We find that compared to primed ESCs, naïve ESCs exhibit a significantly longer G1 phase
due to the inhibition of MEK1/2 kinases. MEK1/2 inhibition increases intracellular level of reactive oxygen
species (ROS), leading to the stabilization of p53 protein. The genetic ablation of p53 largely converts the cell
cycle profile of naïve ESCs to that of primed ESCs. These results demonstrate that pluripotency and proliferation
are separable cellular events, and the short G1 phase of primed ESCs is a manifestation of the intricate interplay
between classical oncogenes MEK1/2 and tumor suppressor gene TP53 to promote G1/S transition.
1. Introduction

Embryonic stem cells (ESCs) are self-renewing pluripotent cells,
defined by their capability to differentiate into all somatic cell types
(Evans, 2011). The regulatory network to maintain pluripotency is well
characterized (Hackett and Surani, 2014). Core pluripotency transcrip-
tion factors, such as POU class 5 homeobox 1 (POU5F1, commonly
known as OCT4) and SRY-box transcription factor 2 (SOX2), orchestrate
multiple cellular processes to enforce epigenetic and metabolic pro-
grams to maintain ESCs in an undifferentiated state (Young, 2011).
Recent studies demonstrate that ESCs can exist in different pluripotent
states dependent on cell culture conditions (Nichols and Smith, 2009).
Ground-state pluripotency or naïve ESCs (resembling inner cell mass in
blastocyst) can be induced in murine ESC culture by chemical inhibition
of mitogen-activated protein kinase and glycogen synthase kinase 3
(termed “2i”) (Ying et al., 2008). On the other hand, murine ESCs grown
in serum plus leukemia inhibitory factor (LIF) are more heterogeneous,
containing primed ESCs resembling post-implantation epiblast (Kolod-
ziejczyk et al., 2015). Naïve and primed ESCs share many similarities in
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vitro. Both are capable of self-renewal, express OCT4 and SOX2 at
similar levels, and can differentiate into three germ layers (Martello and
Smith, 2014). However, without 2i, ESCs express many lineage-specific
transcripts and are prone to spontaneous differentiation (Marks et al.,
2012).

Murine ESCs are fast-proliferating cells, with a doubling time around
12 h as well as an unusually short G1 phase (Li et al., 2012; Wang et al.,
2011). This property of ESCs is not well understood at the mechanistic
level. Nevertheless, fast proliferation is thought to promote pluripotency
maintenance, because differentiating ESCs exhibit longer doubling time
as well as the G1 phase (Boward et al., 2016). However, recent studies
demonstrate that ESCs can enter a non-proliferative dormant state, albeit
transiently, both in vitro and in vivo (Bulut-Karslioglu et al., 2016; Scog-
namiglio et al., 2016). In addition, during the course of this study, Ter
Huurne et al. demonstrated that the G1 phase of ESCs is longer in 2i than
serum conditions in a p53-dependent manner (Ter Huurne et al., 2017,
2020). How 2i condition activates p53 pathway remains to elucidated.
These observations suggest that fast proliferative rate may not be a pre-
requisite for pluripotency maintenance.
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Previously, we showed that Tp53, encoding the tumor suppressor p53
protein, is required for acute DNA damage-induced apoptosis, but
dispensable for the G2/M arrest in murine ESCs (He et al., 2016). Here,
we demonstrate that 2i induces cytosolic reactive oxygen species to
activate p53, resulting in different cell cycle structures in naïve and
primed ESCs. We estimate that p53-dependent regulation of the cell cycle
accounts for approximately 13% of differentially expressed genes be-
tween these two cellular states.

2. Results

2.1. ESCs grown in 2i condition exhibit a longer G1 phase

ESCs can self-renew in different culture conditions. For following
experiments, we mostly used R1/E (R1) ES cell line, and key observations
were also validated using additional ES cell lines, ES-E14TG2a
(E14TG2a) and Oct4-GFP (Ohbo et al., 2003). As expected, compared
to serum condition (Serum), murine ESCs routinely cultured in
serum-free containing N2B27 medium with 2i/LIF condition (N þ 2i)
(Ying et al., 2008), containing small-molecule inhibitors of
mitogen-activated protein kinase (MEKi) and glycogen synthase kinase 3
(GSKi), were more morphologically uniform (Figure 1A). However, we
noticed that ESCs in 2i condition proliferated at a slower rate than ones in
serum (Figure 1B). This difference was not due to accelerated cell death,
but due to extended G1 phase in 2i condition (Figure 1C). Concomitant
with lengthened G1 phase, S phase was shortened in 2i condition without
obvious change in G2/M (Figure 1D). These results indicate that 2i
condition induces certain regulators of the G1/S transition of the cell
cycle. Similarly, two other ESC cell lines also exhibited longer G1 phases
in 2i (Figures 1E, 1F). To understand the underlying mechanism, we
carried out transcriptome analysis by RNA sequencing (RNA-seq). Gene
set enrichment analysis (GSEA) was performed using the hallmark gene
set collection in the Molecular Signatures Database (MSigDB) (Liberzon
et al., 2015). Transcripts per kilobase of exon model per million mapped
reads (TPM>1) and false discovery rate (FDR<0.01) were set as cutoff.
Interestingly, hallmark gene set “p53 pathway” was upregulated in 2i
condition (Figure 1G).

2.2. Prolonged G1 phase induced by 2i depends on Tp53

Tp53, encoding tumor suppressor p53 protein, is a well-established
master regulator of the G1/S transition in various types of somatic cells
(Levine, 2020). Its role in ESCs is less defined. Previously, we found that
p53 is dispensable for acute DNA damage-induced cell cycle arrest in
ESCs (He et al., 2016). We decided to investigate whether it was involved
under homeostatic conditions. As expected, protein levels of Oct4 and
Sox2 were comparable between serum and 2i condition, consistent with
the fact that pluripotency are maintained in both conditions (Figure 2A).
Nanog protein level was significantly elevated in 2i condition
(Figure 2A), because unlike in serum, the majority of ESCs in 2i homo-
genously express Nanog (Munoz Descalzo et al., 2012). Of note, Nanog is
not essential for pluripotency maintenance, but can reduce the chance of
spontaneous differentiation (Chambers et al., 2007). This is consistent
with the fact that ESCs in 2i are more uniform compared to those in
serum (Figure 1A). In agreement with GSEA analysis (Figure 1G), we
found that p53 protein was induced by 2i condition (Figure 2A). To
determine whether this increase in p53 protein was biologically relevant,
we analyzed the cell cycle profiles in ESCs with or without stable Tp53
knockdown. These cell lines were previously used to characterize the role
of Tp53 in acute DNA damage response in ESCs (He et al., 2016). Stable
knockdown of Tp53 efficiently eliminated 2i-induced increase in p53
protein (Figure 2B). FACS analysis revealed that knockdown of Tp53
largely restored the cell cycle profile of ESCs in 2i back to that in serum
(Figures 2C, 2D). Meanwhile, knockout efficiency was positively corre-
lated with the degree of cell cycle recovery (Figure 2E). In contrast,
knockdown of Tp53 did not alter the cell cycle structure of ESCs in serum
2

(Figures 2C, 2D). This is because p53 protein level is usually low in serum
condition, or this could indicate other mechanisms of G1/S transition at
play. The G2/M phase was similar between serum and 2i conditions
(Figure 1D), and not altered by Tp53 knockdown (Figure 2D). These
results indicate that Tp53may be responsible for lengthened G1 phase in
2i. To confirm, we generated Tp53 knockout cell lines by CRISPR/Cas9
genomic editing technology. Two independent Tp53 knockout cell lines
were subjected to further analyses (p53�/� #1 and #2). Knockout was
confirmed by PCR analysis of targeted region (Figure 2F), and the
absence of p53 protein by either MG132 or ultraviolet (UV) treatment
(Figure 2G). FACS analysis revealed that cell cycle profile in 2i was
converted to that in serum in Tp53 knockout cell lines (Figures 2H, 2I). In
addition, knockout of Tp53 in another ESC cell line had similar effect
(Figure 2J). Thus, 2i condition stabilizes p53 protein, resulting in a
longer G1 phase.

2.3. Knockout of Tp53 does not affect pluripotency in vitro

We analyzed whether Tp53 had any impact on pluripotency mainte-
nance in vitro. In both serum and 2i conditions, Tp53 knockout cell lines
were positive for alkaline phosphatase staining, a maker of pluripotent
ESCs (Figure 3A), had comparable microscopic cell morphology as
parental cells (Figure 3B), and expressed similar level of pluripotency
factors Oct4, Sox2 and Nanog (Figure 3C,D). Differentiation experiments
showed that p53 deletion did not affect the ability of ESCs to differentiate
into different layers (Figure 3E). These observations indicate that Tp53
may not be required for pluripotency maintenance in both culture con-
ditions. To confirm, we carried out transcriptome analysis by RNA-seq of
wild-type and two Tp53 knockout cell lines grown in serum and 2i con-
ditions. Focusing on 140 genes in the category of “signaling pathways
regulating pluripotency of stem cells - Mus musculus (mouse)” (KEGG
pathway: mmu04550), we found that these cell lines clustered on the
basis of culture conditions rather than the status of Tp53 (Figure 3F),
indicating that Tp53 is not required for pluripotency. Overall, among
13,398 genes well expressed in either serum or 2i condition (TPM>1),
18.3% (2,452 genes) exhibited a 2-fold difference between serum and 2i
conditions. Among these differentially expressed genes, 134 upregulated
and 177 downregulated genes in 2i condition were dependent on Tp53,
accounting for approximately 13% of differentially expressed genes be-
tween serum and 2i conditions (Figure 3G). Thus, the difference in
transcriptome between two culture conditions is partially caused by
Tp53-regulated cell cycle structure.

2.4. Inhibition of MEK pathway leads to p53 activation

To understand the mechanism of p53 activation in 2i condition, we
examined the effect of individual small-molecule inhibitor, that is, small-
molecule inhibitors of mitogen-activated protein kinase (MEKi) and
glycogen synthase kinase 3 (GSKi). Original 2i culture system, as used in
all experiments above, is free of serum and contains N2B27 medium (N)
supplemented with MEKi/GSKi (2i) (Ying et al., 2008). Similar to Nþ2i,
the addition of 2i to serum condition lengthened the G1 phase, albeit to a
lesser degree. Prolonged G1 phase was largely caused by MEKi
(Figure 4A, B). Accordingly, p53 levels were increased primarily by MEKi
(Figure 4C). Thus, the inhibition of oncogenic MEK signaling in ESCs
upregulate tumor suppressor protein p53 to regulate the G1/S transition.

2.5. MEKi induces reactive oxygen species to activate p53

We investigated how 2i promoted p53 activities in ESCs. p53 protein
can be stabilized by ATM/ATR-mediated DNA damage response pathway
(Zhou and Elledge, 2000). We reasoned that this pathway was unlikely to
contribute 2i-induced p53 activities, because we previously found that
Tp53 is dispensable for cell cycle control under acute DNA damage
condition (He et al., 2016). Indeed, p53 protein was induced to a much
higher level by hydroxyurea (HU) than 2i (Figure 5A, compare lanes 1, 2



B

C D

A

Hallmark : p53 pathway

SerumN + 2i

p= 0.0004
NES= 1.22

E

G

Serum N + 2i
Serum

N + 2i
2

4

6

C
el
ln

um
be

rs
( × ×

1 0
6 )

1 2 3 4
0

Days

***

***

*

0

F

Serum

2N 4N

N + 2i

2N 4N

Oct4-GFP

DAPI

Ed
U

Serum

2N 4N

N + 2i

2N 4N

E14TG2a

DAPI

Ed
U

N + 2iSerum

2N 4N 2N 4N

DAPI

Ed
U

0
20
40
60
80
100

Pe
rc
en

ta
ge

of
ce
lls Serum

G1 S G2/M

N + 2i
***

***

E14TG2a

0

20
40
60
80
100

Pe
rc
en

ta
ge

of
ce
lls Serum

G1 S G2/M

N + 2i

***

***

Oct4-GFP

0
20
40
60
80
100

Pe
rc
en

ta
ge

of
ce
l ls Serum

G1 S G2/M

N + 2i

***

***

Figure 1. ESCs grown in 2i condition exhibit a
longer G1 phase. (A) Microscopic morphology of
R1/E ESCs grown in serum (Serum) and 2i con-
dition (Nþ2i). Scale bar, 200 μm. (B) Proliferative
rate of ESCs in serum and 2i conditions. Equal
number of cells were seeded at day 0, and cell
numbers were counted every day for 4 days (n ¼
3). *, P < 0.05; ***, P < 0.001 (unpaired t test).
(C) Cell cycle profiling by fluorescence-activated
cell sorting (FACS) analysis of ESCs grown in
serum and 2i. Representative result was shown.
(D) Quantification of FACS analysis as in (C) (n ¼
3). The bar plot represents mean � SD. ***, P <

0.001 (unpaired t test). (E) Cell cycle profiling by
FACS analysis of additional ESC cell lines, Oct4-
GFP and ES-E14TG2a (E14). (F) Quantification
of FACS analysis as in (E) (n ¼ 3). The bar plot
represents mean � SD. ***, P < 0.001 (unpaired t
test).(G) Hallmark analysis of differentially
expressed genes between serum and 2i.
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and 5). Small-molecule inhibitors of ATM and ATR (ATMi and ATRi)
could inhibit HU-induced increase in p53 protein level, but not that
induced by 2i (Figure 5A). Thus, 2i-induced p53 is not activated by
ATM/ATR-mediated canonical DNA damage response pathway. ESCs
grown in 2i proliferated at a slower rate than in serum, but still at a
3

comparable rate as most cancer cell lines. We thus considered more
physiological signaling pathways that can mildly activate p53 (Kruiswijk
et al., 2015). In this regard, we found that reactive oxygen species (ROS)
was accumulated to a higher level in 2i than in serum (Figure 5B).
Interestingly, higher level of ROS was induced by MEKi but not GSKi
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Figure 2. 2i condition activates p53 to
prolong G1 phase (A) Protein blot anal-
ysis of indicated proteins.(B) Knockdown
of Tp53 expression by shRNA. Scrambled
(scr) shRNA was used as control.(C)
FACS analysis of ESCs with or without
Tp53 knockdown in serum or 2i con-
ditions.(D) Quantification of FACS anal-
ysis as in (C) (n ¼ 3). The bar plot
represents mean � SD. *, P < 0.05; ***,
P < 0.001 (unpaired t test).(E) Quanti-
fication of FACS analysis and protein
blot analysis of ESCs with Tp53 knock-
down in high efficiency and in low effi-
ciency. The bar plot represents mean �
SD.(F) Diagram of two independent p53-
knockout cell lines.(G) Confirmation of
knockout efficiency by MG132 or UV
treatment. WT, wild-type.(H) FACS
analysis of ESCs with or without Tp53
knockout in serum or 2i conditions.(I)
Quantification of FACS analysis as in (G)
(n ¼ 3). The bar plot represents mean �
SD. ***, P < 0.001 (unpaired t test). (J)
Quantification of FACS analysis of
another ESC cell line (Oct4-GFP) with or
without Tp53 knockout. The bar plot
represents mean � SD. **, P < 0.01
(unpaired t test).
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(Figure 5B). Treatment of ESCs in 2i with antioxidant N-acetylcysteine
(NAC) reduced ROS level to that in serum (Figure 5C). The ROS level was
indistinguishable in Tp53 knockout and parental cell lines in both serum
and 2i culture conditions (Figure 5D), indicating that activation of p53
may be a downstream event of elevated ROS. Indeed, treatment with
4

NAC partially restored the G1 phase (Figure 5E), and reduced p53 protein
level in 2i (Figure 5F). Of note, we found that antioxidants can only
reduce ROS levels in 2i condition within a short time window (Supple-
mentary Figure 1). p53 protein level in 2i condition rose to its original
level at 3 h after NAC treatment (Supplementary Figure 1 A). Similarly,
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Figure 3. Tp53 is dispensable for pluripotency maintenance in vitro. (A) Alkaline phosphatase (AP) staining of ESCs with or without Tp53 knockout, grown in serum
or 2i condition. Colonies with uniform AP staining, mixed positive and negative staining, or negative AP staining were assigned as pluripotent, mixed and differ-
entiated ESC colonies, respectively (n ¼ 3). (B) Microscopic examination of ESCs with or without Tp53 knockout, grown in serum or 2i condition. Scale bar, 200
μm.(C) Protein blot analysis of indicated proteins.(D) Immunofluorescence analysis of Oct4 and Nanog. Scale bar, 200μm. (E) qPCR analysis of linage-specific
transcripts during the course of ESCs differentiation with or without Tp53 knockout. The bar plot represents mean � SD. (F) Cluster analysis of expression levels
of 140 genes in the category of “signaling pathways regulating pluripotency of stem cells - Mus musculus (mouse)” (KEGG pathway: mmu04550).(G) Transcriptomic
differences between ESCs grown in serum and 2i, and their dependency on p53.
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glutathione monoethyl ester (GSH-MEE), a cell-permeable derivative of
glutathione, could reduce p53 level in 2i condition at 1 h but quickly lost
its potency (Supplementary Figure 1B). This technical issue might
explain why G1 phase was only partially restored by antioxidant
5

treatment. Alternatively, this could also indicate that additional signaling
pathways may be induced by 2i to fully activate p53.

We attempted to identify other factors to account for 2i-induced p53
activation. Based on our transcriptomic analysis (Supplementary



Figure 4. Inhibition of MEK pathway leads to p53 activation. (A) Effect of small-molecule inhibitors of MEK and GSK (MEKi and GSKi) on ESC cell cycle profile. 2i
denotes MEKi plus GSKi. (B) Quantification of FACS analysis as in (A) (n ¼ 3). The bar plot represents mean � SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <

0.0001 (unpaired t test).(C) Effects of MEKi, GSKi or 2i on p53 protein.
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Figure 2A), we selected several factors for further examination including
Hoxc12, p19ARF and Dusp6 (Supplementary Figure 2B). We confirmed
by qPCR analysis that 2i induced the expression of p19ARF, encoded by
Cdkn2a (Supplementary Figure 2D). In multiple somatic cell types,
p19ARF increases p53 protein level via its ability to neutralize E3 ligase
Mdm2 (Sherr, 2006). We generated two independent p19ARF knockout
cell lines (Supplementary Figure 2C). Surprisingly, knockout of p19ARF

failed to prevent 2i-induced p53 protein accumulation (Supplementary
Figure 2E), 2i-induced increase in ROS level (Supplementary Figure 2F)
or the G1 phase (Supplementary Figure 2J). Hoxc12 is an uncharac-
terized member of the Hox gene family. Members in this family are best
known for their function in body pattern specification (Pearson et al.,
2005). We confirmed by qPCR that Hoxc12 expression was highly
induced by 2i (Supplementary Figure 2G). However, genetic knockout of
Hoxc12 did not prevent 2i-induced p53 protein accumulation (Supple-
mentary Figure 2H), 2i-induced increase in ROS level (Supplementary
Figure 2I) or the G1 phase (Supplementary Figure 2J). Lastly, we inves-
tigated the role of Dusp6. Dusp6 was recently shown to decrease p53
protein level in somatic cell lines (Wu et al., 2018). We confirmed by
qPCR that Dusp6 expression was repressed by 2i (Supplementary
Figure 2K). We ectopically expressed Dusp6 in ESCs, and found that it did
not prevent 2i-induced increase in p53 protein level. In fact,
6

overexpression of Dusp6 further increased p53 protein level and that of
p21, a p53 target gene (Supplementary Figure 2L). Because Dusp6 is
known to inhibit MEK activity (Lin et al., 2020), this result is consistent
with our findings that MEKi increased p53 protein level. These obser-
vations highlight a complex, cell type-specific regulation of p53 activity.

2.6. 2i promotes mitochondria-independent production of reactive oxygen
species

We investigated the cellular sources of 2i-induced ROS production.
Mitochondrial electron transfer chain (ETC) complexes as well as over 50
oxidases localized in various cellular compartments can generate ROS
(Forrester et al., 2018; Sies and Jones, 2020). To monitor mitochondrial
ROS, wild-type and p53 knockout cells were stained with MitoSOX Red,
followed by FACS analysis. Although total cellular ROS is increased in 2i
condition (Figure 5), mitochondrial ROS level was slightly reduced in 2i
compared to serum condition (Figure 6A). Concomitantly, mitochondrial
membrane potential was moderately reduced in 2i condition (Figure 6B),
indicating attenuated ETC activities. Consistently, transcriptomic anal-
ysis by RNA-seq revealed that multiple ETC constituents and assembly
factors were downregulated in 2i condition (Figure 6C). These 2i-induced
effects were independent of p53 (Figure 6A, B and D). These observations



Figure 5. Reactive oxygen species is induced by MEKi to promote p53 activity. (A) Effects of small-molecule inhibitors of ATM and ATR (ATMi and ATRi) on 2i- or
hydroxyurea (HU)-induced p53 protein expression.(B) FACS analysis and MFI quantification of cellular reactive oxygen species (ROS) level in ESCs grown in indicated
conditions.(C) Effect of antioxidant, N-acetylcysteine (NAC), on 2i-induced ROS.(D) FACS analysis and MFI quantification of ROS levels in ESCs with or without Tp53
knockout, grown in serum or 2i condition.(E) Effect of NAC on 2i-induced increase in the G1 duration. The bar plot represents mean � SD. *, P < 0.05 (unpaired t
test).(F) Effect of NAC on 2i-induced p53 protein expression.
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demonstrate that 2i-induced ROS production is independent of mito-
chondrial activity. We further queried the expression level of other oxi-
dases known to generate ROS (Sies and Jones, 2020). Among more than
50 oxidases, 11 were differentially expressed in serum and 2i conditions.
7 out of 11 oxidases were upregulated in 2i (Figure 6E). 2i-induced dif-
ferential expression of these oxidases was independent of p53
(Figure 6F), consistent with the notion that p53 activation is downstream
of enhanced ROS production. Based on a recent analysis of
ROS-generating enzymes (Sies and Jones, 2020), these 11 oxidases were
distributed on various intracellular organelles and only 1 was on mito-
chondria (Figure 6G). Taken together, we concluded that 2i-induces
mitochondria-independent ROS production by promoting the expres-
sion of cytosolic oxidases.

3. Discussion

ESCs are fast-proliferating cells, characterized by an extremely short
G1 phase of the cell cycle, a feature long thought to be required for
pluripotency maintenance. Nevertheless, the molecular basis for trun-
cated G1 is not clear, and whether short G1 is coupled with pluripotency
7

is under constant debate. On one hand, several studies show that dif-
ferentiation signals primarily act in the G1 phase, support the notion that
a short G1 phase is beneficial for pluripotency maintenance (Borghese
et al., 2010; Pauklin and Vallier, 2013). On the other hand, ESCs can
enter non-proliferating, dormant state without compromising pluripo-
tency (Bulut-Karslioglu et al., 2016; Scognamiglio et al., 2016). Consis-
tent with our results, other studies also find that the G1 phase is
prolonged in 2i condition (Ter Huurne et al., 2017, 2020), and can be
manipulated without compromising pluripotency (Li et al., 2012).
Because 2i condition is regarded as the ground-state pluripotency of ESCs
(Ying and Smith, 2017), the length of G1 phase seems to be an inde-
pendent cellular event uncoupled with pluripotency. To reconcile these
observations, we propose that the relationship between the length of G1
phase and ESC pluripotency maintenance is contextual dependent on the
induction signal. When ESCs are shielded from differentiation signals
such as in 2i condition, the length of G1 phase and pluripotency are
separable cellular events. On the other hand, under strong differentiation
signals, increased G1 phase renders ESCs more susceptible for differen-
tiation. Under 2i, we find that increased G1 phase is caused by p53
activation, which in turn caused by the inhibition of MEK1/2 kinases
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Figure 6. 2i promotes mitochondria-independent
production of reactive oxygen species. (A) FACS
analysis of mitochondrial ROS level in wild-type (WT)
and p53 knockout cells (p53�/�) in serum (S) or 2i
condition. (B) FACS analysis of mitochondrial mem-
brane potential in wild-type (WT) and p53 knockout
cells (p53�/�) in serum (S) or 2i condition. (C) Heat-
map representation of differentially expressed genes,
coding mitochondrial respiratory chain complex con-
stituents and assembly factors, in serum and 2i con-
ditions. (D) The effect of 2i-induced p53 on the
expression of mitochondrial respiratory chain complex
constituents and assembly factors as in (C). (E) Heat-
map representation of differentially expressed genes,
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(MEKi). p53 is a master regulator of the G1/S transition (Levine, 2020).
Thus, the short G1 phase of primed ESCs is a manifestation of the intri-
cate interplay between classic oncogenes MEK1/2 and tumor suppressor
gene TP53 to promote the G1/S transition.
8

Optimal culturing systems of ESCs are prerequisites to fulfill their
potential in regenerative medicine (Halliwell et al., 2020). An ideal
growth medium should maintain pluripotency without compromising
other aspects of ESCs. The discovery of “2i” culture condition, using
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chemical inhibitors of oncogenic MEK signaling to capture pluripotency
in murine ESCs, is a landmark on this front (Ying et al., 2008). Subse-
quently, numerous studies have investigated chemical inhibitors of
various signaling pathways in order to optimize pluripotency mainte-
nance for both murine and human ESCs (Gafni et al., 2013; Ying and
Smith, 2017). However, recent studies also demonstrate several pitfalls
of this culture condition. Long-term culturing of ESCs in 2i paradoxically
compromises their developmental potentials in vivo (Choi et al., 2017;
Yagi et al., 2017). Our results showing that 2i activates p53 pathway may
offer a potential explanation. The function of p53 in mammalian devel-
opment has long been overshadowed by its prominent role as a tumor
suppressor (Manfredi, 2019). Activated p53 pathway, when ESCs
cultured in 2i/LIF conditions, may protect ESCs from DNA damage
induced by Reactive Oxygen Species (ROS), and maintained genome
integrity and stability. On the other hand, however, recent studies have
demonstrated that even moderate activation of p53 activities during
embryogenesis leads to a variety of developmental defects in mice
(Bowen et al., 2019). Strikingly, p53 is activated in human diseases such
as Treacher Collins syndrome, and genetic inactivation of p53 fully res-
cues the craniofacial phenotypes in murine models (Calo et al., 2018).
Thus “2i” culture condition shields ESCs from differentiation, but at the
same time seems to stress ESCs. In fact, several human ESC lines spon-
taneously inactivate TP53 to gain growth advantage (Merkle et al.,
2017). We propose that the activation status of p53 should be taken into
account for efforts to optimize ESC culturing medium. It will also be of
interest to disentangle effectors downstream of MEK1/2 inhibited by 2i
to identify how differentiation is blocked. Manipulation of these effectors
may avoid the activation of p53.

4. Experimental procedures

4.1. ESC culture

R1/E (SCRC-1036) and ES-E14TG2a (CRL-1821) ESC cell lines were
purchased from ATCC. Oct4-GFP ES cell line was previously described
(Ohbo et al., 2003). For serum culture condition, all feeder-free murine
ESC cell lines were cultured in Dulbecco’s modified Eagle’s medium,
containing 15% ESC-grade fetal bovine serum (Gemini Bio-Products),
supplemented with penicillin/streptomycin, 103 U/ml LIF (Millipore),
2 mM L-Glutamine, 100 μM2-mercaptoethanol, and 100 μMnonessential
amino acids (Invitrogen) in a 37 �C humidified incubator with 5% CO2.
For 2i culture condition，ESCs were cultured in serum-free N2B27 sup-
plemented with MEK inhibitor PD0325901 (1 μM), GSK3 inhibitor
CH99021 (3 μM) and 103 U/ml LIF (Millipore), as previously described
(Ying et al., 2008). Routine maintenance and alkaline phosphatase
staining of ESCs were carried out as previously described (Dai et al.,
2014). For cell differentiation assay, LIF was removed and 0.1 mM reti-
noic acid (Sigma) was added, cells were harvested at the indicated time
points for the following analyses(Dai et al., 2014).

4.2. CRISPR/Cas9 knockout and shRNA knockdown cell lines

ESCs with stable knockdown of Tp53 was characterized previously
(He et al., 2016). CRISPR/Cas9 was used to generate Tp53, p19ARF and
Hoxc12 knockout cell lines. gRNAs were designed using the online tool
(horizondiscovery.com), and listed in Supplementary Table. Cells were
split at clonal density, and colonies were picked for expansion. Genomic
DNA from individual colony was extracted using the GeneJET Genomic
DNA Purification Kit (Thermo Scientific). The targeted region was PCR
amplified and sequenced. Two independent p19ARF andHoxc12 knockout
cell lines were generated.

4.3. qPCR analysis

Total RNA was extracted by Trizol (Invitrogen) following the manu-
facturer’s instructions, treated with DNase I (Invitrogen), and reverse
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transcribed by random hexamers or oligo (dT) using M-MLV Reverse
Transcriptase (Invitrogen). qPCR was performed by using EvaGreen
Supermix (Bio-Rad) on a Bio-Rad CFX96 Real-Time PCR Detection Sys-
tem. Primer sequences were listed in the Supplementary Table. Expres-
sion levels of each gene were normalized to Gapdh mRNA and quantified
as previously described (Peirson et al., 2003).

4.4. Immunoblotting

Cells were trypsinized and washed with PBS. Cell pellet were lysed in
ice cold buffer (150 mM NaCl, 1.5 mM MgCl2, 10 mM KCl, 20 mM Tris
[pH7.9], 0.5 mM EDTA, 10% glycerol, 1 mM DTT, 0.1% PMSF, EDTA-
free complete protease inhibitor mixture (Roche) and 0.5% Nonidet P-
40) for 15 min. Protein concentration was measured using BCA Protein
assay (Thermo Scientific). Total cell lysates were mixed with SDS-PAGE
sample buffer, followed by brief sonication and centrifugation at 13,000
g for 1 min. The antibodies used were listed in Supplementary Table.

4.5. Immunofluorescence

Cells were grown on glass slide, fixed with 4% paraformaldehyde for
15min, permeabilized with 0.3% Triton X-100 in PBS for 10 min, blocked
in 3% BSA for 1hr, then incubated with anti-Oct4 and anti-Nanog over-
night at 4 �C. After washing in PBS for 20min, cells were incubated with
Alexa Fluor 568 goat anti-mouse IgG secondary antibodies for 1 h. For
DNA visualization, DAPI was incubated with 0.5 mg/ml for 5min. Cells
were observed by Olympus FV3000 confocal microscopy.

4.6. FACS analysis

Cells were incubated with EdU using BD Pharmingen EdU click pro-
liferation kit (BD Biosciences), following manufacturer’s instruction,
then stained with DAPI to analyze cell cycle profile. To detect intracel-
lular ROS, mitochondrial ROS and mitochondrial membrane potential,
10 μM DCFH-DA, MitoSOX Red (Thermo Scientific) and MitoTracker
(Thermo Scientific), respectively, were added in medium and incubated
for 30 min at 37 �C, cells were trypsinized and washed 2 times with PBS.
At least 10,000 events were collected by BD FACSCelesta, and analyzed
by FlowJo V10 software.

4.7. RNA sequencing and data analysis

Three biological replicas for each condition were subjected to tran-
scriptomic analysis. Sequencing libraries were generated using NEB-
Next® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following
manufacturer’s recommendations, and index codes were added to attri-
bute sequences to each sample. The library preparations were sequenced
on an Illumina Novaseq platform and 150 bp paired-end reads were
generated. The resulting fastq file was quality controlled using FastQC
v0.11.8, and adapters were trimmed using Trimmomatic v0.39. Paired-
end clean reads were aligned to the reference genome (GRCm38.p6)
using Hisat2 v2.0.5. featureCounts v1.5.0-p3 was used to count the reads
numbers mapped to each gene. Transcripts per kilobase of exon model
per million mapped reads (TPM) was calculated based on the length of
the gene and reads count mapped to this gene. Pearson correlation was
>0.98 among biological replicas. Downstream analysis for differential
gene expression of the raw count table was performed using the DESeq2
R package (1.16.1). The volcano plots of each group comparison were
generated by R. Gene Set Enrichment Analysis (GSEA) was performed
using the lists of hallmark gene sets from the Molecular Signature
Database (MsigDB) using default parameters. Differential gene expres-
sion analysis was performed using the DESeq2 R package (1.16.1). The
resulting P-values were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with an adjusted
P-value <0.05 found by DESeq2 were assigned as differentially

http://horizondiscovery.com
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expressed. False discovery rate (FDR) < 0.05 and log2 fold change >1
were set as cutoff for differentially expressed genes.
4.8. Statistical analysis

Growth curve of ESCs were constructed by GraphPad Prism version
8.0.1. All data were shown as means � SD, derived from at least
three independent experiments. For all statistical tests (Student’s
t test), P < 0.05 was considered statistically significant. In all figures,
* denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001 and
**** denotes P < 0.0001.
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