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G1 checkpoint is compromised in mouse ESCs due to functional uncoupling of
p53-p21Waf1 signaling
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ABSTRACT

Mouse embryonic stem cells (mESCs) lack of G1 checkpoint despite that irradiation (IR) activates ATM/ATR-
mediated DDR signaling pathway. The IR-induced p53 localizes in the nuclei and up-regulates p21/Waf1
transcription but that does not lead to accumulation of p21/Waf1 protein. The negative control of the
p21Waf1 expression appears to occur at 2 levels of regulation. First, both p21/Waf1 gene transcription and
the p21/Waf1 protein content increase in mESCs treated with histone-deacetylase inhibitors, implying its
epigenetic regulation. Second, proteasome inhibitors cause the p21/Waf1 accumulation, indicating that
the protein is a subject of proteasome-dependent degradation in ESCs. Then, the dynamics of IR-induced
p21Waf1 protein show its accumulation at long-term time points (3 and 5 days) that coincides with an
increase in the proportion of Gi1-phase cells, down-regulation of Oct4 and Nanog pluripotent gene
transcription and activation of endoderm-specific genes sox77 and afp. In addition, nutlin-dependent
stabilization of p53 in MESC was also accompanied by the accumulation of p21/Waf1 as well as restoration
of G1 checkpoint and an onset of differentiation. Thus, the lack of functional p21/Waf1 is indispensable for
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maintaining self-renewal and pluripotency of mESCs.

Introduction

Embryonic stem cells (ESCs) are characterized by a high rate
of self-renewal and are capable of differentiating into all cell
types of the adult organism. Stringent control of the genome
integrity in ESCs is provided by a variety of mechanisms
that (i) limit the frequency of mutations and (ii) provide
detection and repair of DNA defects.! Besides, ESCs have
very effective antioxidant mechanisms for removing the alien
compounds and lowering the level of ROS as compared to
differentiated derivative cells.*”

Paradoxically, one of the well-studied DNA damage
responses appears to be lacking in ESCs. Thus, ESCs do not
undergo G1/S cell cycle arrest and demonstrate only a temporal
G,/M delay following DNA damaging and stress factors.”®
Since G1 checkpoint is mediated by the canonical p53-p21/
Wafl pathway, the mechanisms of this pathway regulation in
ESCs require detailed study.

Studies of p53 in ESCs are numerous, but most of them are
focused on human ESCs (hESCs), while the role of p53 in
mouse ESCs (mESCs) remains less understood and more con-
troversial. Earlier work by Aladjem et al.” showed that mESCs
lack of G1 checkpoint due to cytoplasmic localization of p53
and its reduced ability to translocate into the nucleus after
DNA damage. But later it has been shown that despite its cyto-
plasmic localization p53 is capable of activating after irradiation
of mESCs.'® Furthermore, according to some data, a basal level

of p53 in mESCs can be even higher than in somatic cells due
to elevated stability of its mRNA and low expression of nega-
tive regulator micro-RNAs 125a and 125b."" Intriguingly, p53
seems to play an important role in regulation of development-
associated genes, in particular p53 can induce differentiation of
mESCs after DNA damage by a direct suppression of Nanog."?
Low expression of p21/Wafl may be a reason for the
lack of G1 arrest in mESCs.>"*""> Previously, we found that
in IR-exposed embryonal carcinoma cell (ECC) line
F9 p21/Wafl protein is degraded via proteasome-dependent
mechanisms, even though DNA damage activates p21/Wafl
gene transcription.'® Similar data have been later obtained
for a particular mESCs line CGR8 and low p21/Wafl
expression has been confirmed for hESCs line H9."
Further detailing the issue, here we checked 2 mecha-
nisms, which might be involved in the negative control of
p21/Wafl expression. First, transcription of p21/Wafl gene
and accumulation of p21/Wafl protein was found to increase
after treatment of mESCs with histone deacetylase inhibitor
sodium butyrate (NaBut) suggesting the epigenetic mecha-
nism of p21/Wafl gene regulation at the level of chromatin
structure. Second, mESCs treated with proteasome inhibitors
revealed accumulation of p21/Wafl, thus the protein might
be a target for proteasome-mediated degradation. Unexpect-
edly, the dynamics of p21/Wafl expression at 3 and 5 d after
irradiation showed p21/Wafl accumulation starting from
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day 3. An increase of the p21/Wafl content was accompa-
nied by increased proportion of G1-phase cells, downregula-
tion of oct3/4 and nanog pluripotent gene transcription and
transcriptional activation of endoderm-specific genes sox17
and afp. From the other hand, stabilization of p53 caused by
a small molecule nutlin, which inhibits MDM2-mediated
degradation p53, also restored G1 checkpoint control and
induced differentiation. Altogether, these data demonstrate
that the agents used to promote the accumulation of p21/
Wafl do suppress proliferation, restore G1 checkpoint and
direct mESCs to differentiate. Thus, the lack of Gl-check-
point in mESCs caused by lack of p21/Wafl expression is
indispensable for maintenance of self-renewal and pluripo-
tency of mESCs.
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Results
p53-p21Waf1 pathway is compromised in mESCs

DNA damage-induced G,/S cell cycle arrest is mediated by
activation of the p53-p21/Wafl signaling pathway. Using
western blot analysis with antibodies against p53-Serl5, we
found that irradiation (6 Gy) induced the phosphorylation
of p53 with a maximum at 2 h post-treatment (Fig. 1A and
B). According to immunoflurescence data, the phosphory-
lated p53 is localized in the nuclei of mESCs (Fig. 1A).
Immunofluorescence study for p53-Serl5 distribution within
the cover glass fields revealed that the intensity of staining
is noticeably variable in the irradiated cells. To confirm the
variability of nuclear staining, we performed a cytometric
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Figure 1. Gamma-irradiation induces p53 Ser15 phosphorylation and nuclear accumulation. (A) Immunofluorescent staining of mESCs with antibody to phospho-p53
(Ser15) 2 h post-irradiation (6 Gy) (green). Nuclei were stained with To-Pro3 (blue). Scale bar 10 .M. (B) Western blotting analysis of protein extracts from non-irradiated
and irradiated mESCs. Blots were stained 2, 4 and 8 h post-irradiation (6 Gy) using antibody to phospho-p53 (Ser15), acetyl-p53 (Lys 379) and total p53. (C) A luciferase
assay of control and irradiated mESCs after transient transfection with luciferase reporter plasmid PG13-Luc. At time points 4 and 24 h post-irradiation cells were subjected
to luciferase activity assays. Pifithrin-c;, an inhibitor p53-transcriptional activity (10 .tM), was added to the 4 h reaction as a negative control. Error bars correspond to SEM
calculated for 3 replicates. (D) Western blotting analysis of control, transfected with luciferase reporter plasmid PG13-Luc and irradiated with 3 Gy (4 h post-irradiation)
mESCs. Irradiated cells were taken as control. Blots were stained using antibody to phospho-histone H2AX (Ser139) (yH2AX), phospho-p53 (Ser15) and total p53.
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assessment of p53-Serl5 distribution in irradiated mESCs
population by using a bivariate distribution (p53-Serl5 vs
DNA content) according to the previously described proto-
col'” (Fig. S1). Although all nuclei demonstrate p53-Serl5
staining, however, the amount of bound antibody varies
within the stretched clouds of both G1 and G2 phase cells
(IR, 2 h).

P53-Lys379 acetylation was known to augment the p53
DNA-binding as well as its trans-activating potential.'®
Western blot analysis shows that mESCs exposed to irradia-
tion accumulate Lys379-acetylated p53 (Fig. 1B). To see
whether p53 transactivating potential is becoming increased
after irradiation of mESCs, a p53-luciferase reporter plasmid
pG13-Luc containing 13 copies of p53 consensus binding
site has been used. Transfected mESCs were subjected to X-
rays (6Gy) and collected 4 h and 24 h post-irradiation for
luciferase assay (Fig. 1C). In consistence with immunofluo-
rescence data, irradiated mESCs show enhanced p53-driven
activity of pG13-Luc reporter (Fig. 1C). Interestingly, non-
irradiated cells possess a basal p53 activity that can be sup-
pressed by addition of pifithrin-ct, a small molecule inhibi-
tor of p53 transcriptional activity. To verify whether the
transient transfection itself could activate DNA damage
response and thereby stimulate p53 phosphorylation, we
monitored the p53-Serl5 and yH2AX in the transfected
mESCs (Fig. 1D). According to these data the transfection
of pG13-Luc plasmid increased amount of yH2AX, albeit to
a lesser extent than irradiation. At the same time, the trans-
fection did not cause p53-Serl5 phosphorylation. Thus, the
observed basal level of pG13-Luc activity in non-irradiated
mESCs seems not to be associated with transfection
procedure.

As for transcription of p53 target genes such as p21/
Wafl, RT-PCR analysis revealed a robust accumulation of
p21/Wafl RNA transcripts by 6 h post-irradiation at dosage
6 Gy (Fig. 2A, left panel). However, in contrast to NIH3T3
cells, p21/Wafl protein was not detected at a noticeable
level in irradiated mESCs (Fig. 2B, right panel). To check
possible post-translational degradation of p21/Wafl protein,
2 proteasome inhibitors with different mechanisms of action
have been used - lactacystin (Lc) and MG132. Both inhibi-
tors caused accumulation of p21/Wafl protein in NIH3T3
cells (data not shown) as well as in mESCs (Fig. 2B, left
panel). Essentially, this increased level of p21/Wafl in mES
seems to be sufficient for a noticeable accumulation of G,
phase cells with concomitant reducing the proportion of S-
phase engaged cells (Fig. 2B, right panel). Thus, directed
proteasome-dependent degradation of p21/Wafl may con-
tribute to its down-regulation and eventually to a compro-
mised function of G; checkpoint in mESCs.

To study an issue of whether p21/Wafl gene transcription
is under negative epigenetic control in mESCs, we used a his-
tone-deacetylase inhibitor, sodium butyrate (NaBut). There
are available data that p21/Wafl gene promoter contains a
HDAC-response element operated through Sp1/Sp3 binding
site; the Sp1/Sp3 binding site recruits HDAC 1 and 2 activity
to repress promoter transcription. Correspondingly, inhibition
of histone deacetylase activity at the promoter by HDAC
inhibitors leads to histone hyperacetylation and activation of

p21Wafl gene transcription.'® First, NaBut treatment for 20 h
caused a significant accumulation of mESCs in G, phase
accompanied by a decline of S-phase cells and a slight increase
of cells in G,/M phase (Fig. 2C, left panels). Second, NaBut
induced both p21/Wafl gene transcription and protein accu-
mulation that correlated well with the establishment of G, cell
cycle arrest (Fig. 2C, middle and right panels). Thus NaBut-
accumulated p21/Wafl does not appear to undergo a protea-
some-dependent degradation suggesting that this mechanism
might be compromised in HDACI-treated mESCs. We next
checked whether p53 activation is necessary for NaBut-
induced p21/Wafl expression in mESCs. As shown in Fig. 2D
(left panel), p53-Serl5 did not accumulate in NaBut-treated
mESCs. Moreover, a p53 inhibitor pifithrin-o alone has little
effect on cell cycle parameters of undifferentiated mESCs and
is unable to abrogate accumulation of mESCs in G1 phase in
NaBut-treated mESCs (Fig. S2). Thus, these results indicate
that p53 is not directly involved, if at all, in NaBut-induced
GI checkpoint.

RT-PCR and western blot analysis showed that the NaBut-
induced GI1 arrest is accompanied by downregulation of oct3/4,
nanog and sox2 gene expression both on the level of transcrip-
tion and protein synthesis as well (Fig. 2D, middle and right
panels). In turn, such markers of differentiation as gata6 and
afp were shown to up-regulate in NaBut-treated mESCs
(Fig. 2D, middle panels).

Collectively, the negative control of the p21/Wafl expres-
sion occurs on 2 levels of regulation: the epigenetic gene regula-
tion at the level of chromatin structure and a proteasome-
mediated degradation.

The long-term consequences of IR-induced p53 activation
in mESCs

Accumulating data support an idea that p53 is capable of function-
ing in mESCs in response to DNA damage. Nevertheless, the p53
activation does not necessarily lead to implementation of the G1
cell cycle checkpoint and seems to play an important role in other
cellular processes triggered by genotoxic stresses, for example, apo-
ptotic cell death. The p53 function as a trigger of apoptosis in
mESCs was previously documented.”®*' Recently, it has been
shown that p53 plays a significant role during retinoic acid-medi-
ated differentiation of hESCs.** In particular, p53 can drive differ-
entiation of mESCs by direct repression of nanog transcription
after DNA damage."” Thus, p53 protein may have specific func-
tions in opposing self-renewal versus cell death in mESCs. In order
to assess outcomes of the p53 activation during DNA damage
response of mESCs, we studied long-term consequences of IR-
induced p53 activation.

We show that after irradiation with 6 Gy mESCs do not
undergo G, arrest (Fig. S3 A).We carried out caspase-3
activity assay to demonstrate the elevated caspase-3 activity
(Fig. S3, B) that correlates with death of a half of cells after
1 day post-irradiation at dose 6 Gy according to MTT assay
(Fig. 3, C). To investigate long-term effects of irradiation,
a dosage 3 Gy was used as it had less genotoxic stress effect.

We checked p53 activation and subsequent p21/Wafl pro-
tein accumulation at the long time points 1 and 3 d after irradi-
ation with 3Gy. As shown in Fig. 3A (left panel), p53-Serl5
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Figure 2. Negative control of p21Waf1 expression occurs at 2 levels of regulation: epigenetic modulation of gene transcription and proteasome-mediated protein degra-
dation. (A) RT-PCR analysis of p21/Waf1 gene transcripts 6 h post-irradiation of mESCs. Gapdh was used as an internal control (left panel). Western blotting analysis of pro-
tein extracts from control and irradiated mESCs (8 and 20 h post-irradiation) using antibodies against p21/Waf1 protein. NIH3T3 cells were taken as control (right panel).
(B) mESCs were treated with lactacystin (10 M) and MG132 (10 wM) for 4 h, then extracted proteins were subjected to immunoblotting with antibody to p21/Waf1 pro-
tein (left panel). FACS analysis of cell cycle distribution of mESCs treated with lactacystin (Lc) (10 «M) for 20 h (right panel). (C) FACS analysis of cell cycle distribution of
untreated mESCs and treated with NaBut (4 mM for 24 h) (left 2 panels). RT-PCR assay for p21/Waf1 transcription in mESCs treated with NaBut (4 mM); gapdh was used
as an internal control (middle panel). Western blotting analysis of lysates from untreated (Ctrl) and NaBut-treated mESCs (4 mM for 24 h) using antibodies against p21/
Waf1 (right panel). (D) Western blotting analysis of protein extracts from control (Ctrl), treated with NaBut (4 mM, 24 h), and irradiated (2 h, 6 Gy) cells (left panel). Blots
were stained using antibody to phospho-p53 (Ser15) and total p53. In the middle panel, RT-PCR analysis of mRNA transcripts of oct3/4, nanog, sox2, afp, and gata6 genes
in mESCs treated with 4 mM NaBut for 24 h; gapdh was used as an internal control (middle panel). In the right panel, mESCs treated with 4 mM NaBut for 24 h were ana-
lyzed by western blot for Oct3/4, Nanog and Sox2 proteins (right panel).

phosphorylation is still high on day 1 post-irradiation and then  the first day after irradiation and additionally increased on the
fluctuates on days 3 and 5 that may be accounted for by p53  3d and 5th days (Fig. 3A, middle panel). Importantly, although
pulses mediated through p53-Mdm2 and ATM-p53-Wipl neg- the p21/Wafl mRNA level is clearly increased in a period from
ative feedback loops.”* However, according to qRT-PCR analy- 1 to 5 days, the p21/Wafl protein is barely detected on day 1
sis, p21/Wafl gene transcription increases ~2 fold already on and can be seen only at day 3 (Fig. 3A, right panel). There is
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Figure 3. Restoration of G1 checkpoint due to accumulation of p21/Waf1 in irradiated mESCs is accompanied by loss of pluripotency. (A) Western blotting analysis of pro-
tein extracts from unirradiated and irradiated mESCs. Blots were stained at 1 and 3 d 3 Gy post-irradiation using antibody to phospho-p53 (Ser15) and total p53 (left
panel). The mRNA levels of p21/Waf1 gene was determined by qRT-PCR and standardized by the mRNA levels of gapdh. Data are presented as mean £SEM, n = 3 (middle
panel). Cell lysates from mESCs in the indicated time points were analyzed by Western blotting using antibodies against p21/Waf1 protein (right panel). (B) FACS analysis
of cell cycle distribution of unirradiated mESCs and irradiated with 3 Gy. Cells were harvested at 1 and 3 d after irradiation. (C) The mRNA levels of oct3/4, nanog and sox2
genes were determined by gRT-PCR and standardized by the mRNA levels of gapdh. Data are presented as mean +SEM, n = 3. (D) Western blotting analysis of protein
extracts from non-irradiated and irradiated mESCs. Blots were stained 1, 3, 5 d post-irradiation (3 Gy) using antibody to Oct3/4, Nanog and Sox2. A relative densitometry
analysis of the Oct3/4, Nanog, Sox2 protein expression (normalized to a-tubulin) was performed using GeL-Pro Analyzer software.

a correlation between an increase of the p21/Wafl protein con-
tent and accumulation of mESCs at G1 phase on the 3rd day
post-irradiation as demonstrated by flow cytometry (Fig. 3B,
compare day 1 and day 3). Thus, over the time after irradiation,
the functional p53-p21/Wafl checkpoint is recovered in the
survived mESCs thereby slowing-down their proliferation.

To test whether the irradiation-induced p53 activation
does affect the steady-state levels of oct3/4, nanog and sox2

gene expression, we used qRT-PCR and Western blotting in
cells on 1, 3, and 5 d after irradiation. For better demon-
stration, we quantified the band intensities of western blots
obtained for oct3/4, nanog and Sox2. The transcription of
oct3/4 and nanog genes decreases by ~2 fold that correlates
with lowering the protein levels by day 5 post-irradiation
(Fig. 3D, left panel). The level of sox2 protein fluctuates in
the days following irradiation, however, these changes are



afp
sox17

gapdh

SSEA-1

Ctrl

IR, 5d

CELLCYCLE (&) 57

DNA Merge

Figure 4. IR-induced mESCs activate expression of differentiation markers. (A) RT-PCR analysis of afp and sox17 genes transcription in non-irradiated mESCs and 1, 3,5 d
post-irradiation (3 Gy). gapdh was used as an internal control. (B) Representative images of colonies of non-irradiated and irradiated (3 Gy) mESCs. Cells were examined
at 5 d after irradiation using light microscope. (C) Immunofluorescent staining of mESCs with antibody to a surface marker SSEA-1 5 d post-irradiation (3 Gy) (red). Nuclei

were stained with DAPI (blue). Scale bar 75 uM.

not so great that one could state about the actual decrease
in its level (Fig. 3D). Moreover, the amount of mRNA tran-
scripts for sox2 gene does not change reliably that confirms
a conclusion made from an analysis of the Sox2 protein
content. (Fig. 3C, D). Further analysis of mESCs survived
after irradiation showed that down-regulation of oct3/4 and
nanog (Fig. 3C and D) correlates with induction of expres-
sion of endoderm markers sox17 and afp implying an onset
of differentiation (Fig. 4A). Consistently, the morphology of
mESCs colonies changes at day 5 after irradiation. If control
undifferentiated IOUD2 colonies are the rounded and are
organized as dense masses of cells with clear boundaries,
the colonies of irradiated mESCs are characterized by the
appearance of separated and flattened cells (Fig. 4B). To
assess progression of irradiation-induced differentiation in
mESCs, we used antibodies to surface marker SSEA-1,

which are specific for undifferentiated mESCs. According to
immunoflurescence data, the appearance of cells with a flat-
tened cellular morphology is accompanied by a loss of
SSEA-1 staining (Fig. 4C).

Nutlin, an antagonist of MDM2-mediated p53
degradation, restores p53-p21/Waf1-dependent G1
checkpoint in mESCs

To confirm that differentiation induced in survived post-irradi-
ated mESCs depend on the p53 activation, we used MDM2-tar-
geting pharmacological agent nutlin-3. MDM2 ubiquitin ligase
is a crucial negative regulator of p53 stability thereby suppress-
ing p53 activity. Nutlin occupies the p53-binding pocket of
MDM2 in a way that remarkably mimics the molecular interac-
tions of the crucial amino acid residues from p53.>* Of other
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nutlins, the nutlin-3 has been shown to inhibit the p53-MDM2
interaction with a higher degree of specificity leading to p53
stabilization and eventually to activation of the p53 pathway.
According to our data, nutlin treatment causes p53-Serl5 phos-
phorylation and accumulation of transcriptionally active p53
protein that induces transcription of its target-gene p21/Wafl
(Fig. 5A, left and middle panels). Nutlin increases the p21/
Wafl mRNA level already on the first day of treatment (~4
fold) that is higher than after irradiation (~2 fold). In turn,
p21/Wafl protein accumulates by 1 day of nutlin treatment,
while in irradiated mESCs p21/Wafl expression is detected
only at day 3 after IR (Fig. 5A, right panel). A progressive
increase in the number of cells residing in G1 phase and a
reduction in a proportion of cells transiting in S phase after
nutlin treatment were evidenced by flow cytometry and
resulted in G1/S arrest on the 3d day (Fig. 5B).

Activation of p53 in nutlin-treated mESCs leads to a two-
fold downregulation of oct3/4 mRNA, while there was no a reli-
able decrease in the amount of nanog and sox2 mRNA tran-
scripts (Fig. 5C). At the protein level, there is a decrease only
oct3/4 expression on the day 5 of nutlin treatment that in con-
trast to nanog and Sox2 levels, which have not changed
(Fig. 5D). A plausible explanation of this phenomenon is that
nutlin reduces degradation not only p53, but also other tran-
scription factors, such as nanog and Sox2. For comparison, IR-
induced activation of p53 caused down-regulation of pluripo-
tency markers oct3/4 and nanog in mESCs (Fig. 3C, D).

Nevertheless, the reduced expression of oct3/4 in nutlin-
treated cells was sufficient to activate transcription of endo-
derm markers afp and sox17 as well as a mesoderm marker
gata6 (Fig. 6A). In contrast to irradiated mESCs, the expression
of differentiation-associated genes takes place within 1 day of
nutlin treatment evidencing for a more rapid induction of dif-
ferentiation. Nutlin treatment causes a change in morphology
of colonies of mESCs in a manner similar to irradiated cells
(Fig. 6B). Also, nutlin-mediated differentiation of mESCs
includes downregulation of ESCs-specific surface marker
SSEA-1 (Fig. 6C).

Discussion

Execution of G; checkpoint depends to a larger extent on the
functionality of the p53-p21/Wafl pathway. DNA damage
induces p53 phosphorylation on Serl5 as well as acetylation on
Lys379, thereby enhancing its trans-activating potential
(Fig. 1). Since p53 activated in response to DNA damage, of
interest was to check whether p21/Wafl had been also up-regu-
lated in genotoxically stressed mESCs (Fig. 2A). Our data show
that despite of an increase of p21/Wafl mRNA transcripts, no
or little p21/Wafl protein can be detected in irradiated mESCs
(Fig. 2A, right panel). To clear this point in more details, 2 pro-
teasome inhibitors with different mechanisms and specificity
were used. As lactacystin (Lc) and MG132 caused accumulation
of p21/Wafl protein in undamaged mESCs (Fig. 2B), one may
suggest that expression p21/Wafl in mESCs is under stringent
control at the level of protein degradation. The negative regula-
tion of p21/Wafl expression appears to be one of the mecha-
nisms involved in maintenance of pluripotency and self-
renewal of mESCs. We complemented this finding by showing

that p53-independent up-regulation of p21/Wafl induced by
HDAC inhibitor NaBut restored G1 checkpoint and slowed
down proliferation of mESCs (Fig. 2C). The importance of
p21/Wafl in implementation of G1 checkpoint during RA-
mediated differentiation of mESCs was shown by siRNA deple-
tion of p21/Wafl mRNA.** Significantly, NaBut induced both
Pp21/Wafl gene transcription and p21/Wafl protein accumula-
tion (Fig. 2C). It is known that p21/Wafl gene transcription is
under direct epigenetic regulation due to recruitment of HDAC
1 and HDAC 2 activity at the Sp1/Sp3 site of the promoter. The
Sp1/Sp3 binding site recruits HDAC 1 and 2 activity to repress
promoter transcription. Correspondingly, inhibition of histone
deacetylase activity at the promoter by HDAC inhibitors leads
to histone hyperacetylation and activation of p2I1Wafl gene
transcription.'” But there is no data showing the mechanisms
of p21/Wafl stabilization at the protein level in HDACI-treated
cells. Available literature data evidence that micro-RNAs can
also implement negative control of p21/Wafl mRNA in mouse
and human ESCs by a group of specific micro-RNA, suggesting
the expression of p21/Wafl protein in ESCs might be post-
transcriptionally regulated during DDR.>>*® One may suggest
that NaBut as a potent modulator of gene activity due to stimu-
lation of acetylation of various chromatin-associated proteins
might affect the expression of micro-RNA responsible for nega-
tive regulation of p21/Wafl mRNA thereby allowing its transla-
tion and protein accumulation. Thus, p53 activation does not
lead to an accumulation of p21/Wafl protein as its expression
is under negative control at the levels of epigenetic gene tran-
scription and protein degradation.

ESCs are highly sensitive to genotoxic insults and rapidly
undergo apoptosis to a greater extent than somatic cells.”” >’
We detected a significant level of caspase-3 activity in
mESCs at 1 and 3 d after irradiation suggesting apoptosis as
one of the p53-dependent mechanisms maintaining genome
stability of ESCs (Fig. S3 B-E).””*' However, the role of p53
is not limited by induction of apoptosis. Recent studies have
identified involvement of p53 in suppression of pluripotency
genes in RA-mediated differentiation of ESCs.***® In addi-
tion, p53 signaling provides a barrier to reprogramming
somatic cells into induced pluripotent stem cells (IPSCs) evi-
dently due to triggering G1 checkpoint and cellular senes-
cence programs.”’ However, p53-dependent mechanisms
involved in commitment to differentiation and reprogram-
ming are not clearly understood. To unravel p53 functions
in modulation of pluripotency and self-renewal, we com-
pared effects produced by agents that activate p53 by differ-
ent mechanisms (irradiation and nutlin treatment) on
pluripotency and renewal of mESCs. According to these
results, a primary response of mESCs to irradiation and nut-
lin is the caspase-3 activation and p53-dependent apoptosis
(Fig. S3D, E). It appears that the p53-mediated apoptotic
program is dominant over differentiation in mESCs. At least
a half of the mESCs population that survived under these
stress conditions slows down proliferation due to accumula-
tion of p21/Wafl protein and restoring the G1 checkpoint
(Fig. 3B and 5B). We estimated heterogeneity of cell popula-
tion by examining p53 expression in individual cells by using
a bivariate distribution flow cytometry (p53-Serl5 vs DNA
content). It has been shown that the binding of antibody to
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Figure 5. Nutlin-dependent p53 activation is accompanied by loss of mESCs pluripotency. (A) Lysates prepared from mESCs treated with nutlin (10 M) for 1 and 3 d
were analyzed by Western blotting with antibodies specific to p53-Ser15 and total p53 (left panel). The mRNA level of p21/Waf1 gene wase determined by qRT-PCR and
standardized by the mRNA levels of gapdh. Data are presented as mean £SEM, n=3 (middle panel). Western blot analysis of protein extracts from untreated and treated
with nutlin mESCs using antibodies against p21/Waf1 protein at the same time point (right panel). (B) Cell cycle parameters of mESCs untreated and treated with nutlin
(10 M) for 1 and 3 d. (C) RNA transcripts from mESCs treated with nutlin (10 M) for 1, 3 and 5 d were subjected to qRT-PCR assay using primers specific for mouse
oct3/4, nanog and sox2. Results of qRT-PCR are displayed as the mean + SEM, n=3. (D) Lysates prepared from mESCs treated with nutlin (10 xM) for 1, 3 and 5 d were
analyzed by Western blotting with antibodies specific for Oct3/4, Nanog and Sox2. A relative densitometry analysis of the Oct3/4, Nanog, Sox2 protein expression (normal-

ized to a-tubulin) was performed using GeL-Pro Analyzer software.

p53-Serl5 varies likely due to different response of individual
cells accounted for by cellular context (Fig. S1).

The observed changes in cell cycle parameters of IR-sur-
vived mESCs are accompanied by a decrease of pluripotency
and induction of early differentiation. In irradiated mESCs
the p53 activation leads to down-regulation of oct3/4 and
nanog and upregulation of differentiation markers sox17 and

afp (Fig. 3C, D). Interestingly, nutlin-dependent activation of
P53 suppresses only oct3/4 expression transcription but it is
sufficient to accelerate differentiation: transcription of soxI17
and afp genes has been already observed on day 1 of nutlin
treatment (Fig. 5D and Fig. 6A). The observed differences in
the expression of p53 targets and pluripotent genes in mESCs
cells treated with IR and nutlin appear to be determined by
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peculiarities of post-translation degradation of the proteins.
Available data evidence that nutlin can activate p21Wafl
expression via p53-dependent and p53-independent path-
ways. For example, Maimets et al showed that nutlin did not
cause p53-Serl5 phosphorylation in human ESCs still stabi-
lizing p53 and up-regulating p21Waf1.>> Probably, nutlin can
reduce p21Wafl degradation.

Nevertheless, p53 can function as trans-activator of its tar-
get-genes, because high level of p21/Wafl transcription was
observed both in irradiated and nutlin-treated mESCs (Fig. 2A,
left panel). Although a previous study reported that p53 directly
suppresses nanog transcription in mESCs upon DNA damage,
a recent system analyses reveal that binding of p53 at promoter
region significantly correlates with gene activation but not with

Nutlin
Ctrl 1d 3d 5d
L Sox17
gatab
afp
e gapdh

SSEA-1

Ctrl

Nutlin,
5d

DNA

repression.”’ In consistence with this, p53-mediated repression
can occur through interfering with distal enhancer activity
within the oct3/4 and nanog genes.”® Thus, p53 appears to use
many different ways to repress developmental gene
transcription.

Together, literature data and our results suggest that despite
the compromised p53-p21/Wafl-dependent G1 checkpoint in
mESCs, p53 protein is active and induces transcription of its
downstream gene p21/Wafl. However, expression of p21/Wafl
protein is negatively regulated by a mechanism of post-transla-
tional proteasomal degradation. In this regard, it is interesting
that p21/Wafl mRNA is effectively translated into the respec-
tive p21/Wafl protein in HDACI-treated mESCs indicating the
epigenetic regulation of the gene. Direct p53-independent

Merge

Figure 6. Nutlin-dependent activation of p53 induces differentiation of mESCs. (A) RT-PCR analysis of sox17, gata6 and afp RNA transcripts in mESCs untreated and
treated with nutlin (10 M) for 1, 3 and 5 days, gapdh was used as an internal control. (B) Representative images of mESCs colonies untreated and treated with nutlin
(10 M) for 5 d. Cells were examined using light microscope. (C) Immunofluorescent staining of mESCs with antibody to surface-specific marker SSEA-1 (red) after 5 d of

nutlin treatment (10 «M). Nuclei were stained with DAPI (blue). Scale bar 75 M.



activation of p21/Waf expression by NaBut treatment is associ-
ated with elongation of G1 phase of mESCs cell cycle. Similarly,
the accumulation of p21/Wafl protein is observed in differenti-
ating ESCs and precedes the recovery of Gl checkpoint.
Regardless of the agent used to increase the content of p21/
Wafl, there follows suppression of proliferation, restoration of
G1 checkpoint control and the start of mESC differentiation.
Our data evidence that the lack of p21Wafl expression is the
vital event and it contributes to the maintenance of mESCs plu-
ripotent state. Current studies with the iPS cells produced from
somatic cells show that a reduced expression of p53 facilitates
somatic cell reprogramming to the iPSC as evidenced by using
p53-null cells or siRNA to p53.>* Downregulation of p21Wafl,
which is an inhibitor of the cyclin-Cdk activity, also increases
the efficiency of reprogramming. Thus, to facilitate somatic cell
reprogramming, the function of p53-p21Wafl pathway have to
be down-regulated by anywise, indicating that this pathway is
antagonistic to pluripotent state and self-renewal.”> Up-regula-
tion of p21Wafl either by a p53-dependent pathway or p53-
independently contributes to a transition from pluripotent state
to differentiation.

Materials and methods
Cell culture

Mouse embryonic stem cells IOUD2 were maintained on tissue
culture dishes (Corning) coated with 0.2% porcine gelatin
(Sigma) in a Dulbecco’s modified Eagle’s medium DMEM/F12
(1:1) (Gibco) supplemented with 0.1 mM 2-mercaptoethanol
(Sigma), 10% fetal bovine serum (HyClone), and 1000 units/ml
of recombinant murine LIF at 37°C in atmosphere of 5% CO,.
Recombinant mLIF was expressed using an expression vector
pGEX-2T-hLIF in E. coli and was further purified on a Gluta-
thione Sepharose column. NIH3T3 cells were maintained in
DMEM medium (Gibco) with 10% fetal calf serum (HyClone)
and 0.1 mg/mL gentamycin (Biolot) at 37°C and 5% CO2.

Lactacystin (Proteasome Inhibitor IV), MG132 (Carboben-
zoxy-L-leucyL-leucinal, Proteasome Inhibitor XI), nutlin-3
(MDM2 Inhibitor IV) and pifithrin-a purchased from Calbio-
chem were added to the medium in final concentration of
10 uM. Medium was changed daily. Sodium butyrate (NaBut)
was used at concentration 4 mM (Sigma).

Cells were irradiated with 3 Gy and 6 Gy using X-ray gener-
ator RAP-150/300 (dose rate about 0.5 Gy/min; 300 kV;
15 mA). Immediately after irradiation cells were returned to
the incubator for recovery until the appropriate time point.

FACS analysis of cell cycle distribution

For cytometric analysis of DNA content, cells were harvested,
washed with PBS, and incubated for 30 min at room tempera-
ture in PBS containing 0.01% of saponin (Sigma). Cells were
washed twice with PBS and incubated with 100 pg/ml RNase A
and propidium iodide for 15 min at 37°C. Samples were ana-
lyzed by using a flow cytometer Coulter Epics XL (Beckman
Coulter) FACscan. Cell cycle phase distribution analysis was
performed with MODFIT LT 3.0 software (Verity Software
House). Cytometric assessment of p53 phosphorylation was
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carried out according to the previously described protocol."”
Briefly, cell suspension were washed with PBS and fixed with
ice-cold 1% methanol-free formaldehyde solution in PBS. Then
cells were pelleted, washed twice with PBS and were stored in
ice-cold 70% ethanol at —20°C for at least 12 hours. Cells were
incubated overnight at 4°C with anti-phospho-p53 (Serl5)
monoclonal antibody (#9284, Cell Signaling), washed and incu-
bated with secondary antibodies AlexaFlour-488-conjugated
goat anti-rabbit F(ab’)2 fragment (Invitrogen) for 1 h at RT,
then treated with RNAse (1 mg/ml, 30 min, RT) and 5 ul of
1 mg/ml of PI was added.

MTT-test for cell viability

Evaluation of cell viability was performed by using colorimetric
MTT-assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT, Sigma). The amount of formazan product
correlates with the quantity of live cells. Cells were seeded in
24-well plates and were irradiated by 6 Gy. After 24 h post-irra-
diation MTT (0.5 mg/ml dissolved in PBS) was added, and cells
were incubated for 1.5 h at 37°C in 5% CO2. The resulting for-
mazan precipitate was dissolved in DMSO (Sigma), gently
pipetted and dispensed into 96-well plate. The absorbance was
measured at 570 nm wavelength using Multiskan EX (Thermo
Electron). Each experiment was repeated 6 times followed by
calculation of the standard error of the mean.

Immunofiluorescence

Cells were seeded and grown on gelatine-coated coverslips,
rinsed with cold PBS (phosphate-buffered saline), fixed in 4%
paraformaldehyde for 15 min at RT, and permeabilized with
0.25% Triton X-100 for 20 min. After three washes cells were
incubated in blocking solution (5% BSA from Sigma in PBS)
and then incubated with primary antibodies against p53 (Serl15)
(Cell Signaling #9284) or SSEA-1 (Invitrogen #41-1200) at 4°C
overnight. After washing samples were incubated for 1 h with
secondary antibodies AlexaFlour-488/568-conjugated goat
anti-rabbit/mouse F(ab’)2 fragment (Invitrogen). Primary and
secondary antibodies were dissolved in PBS with 5% BSA and
0.1% Tween-20 (Sigma). Nuclei were stained by 5 min incuba-
tion with To-Pro3 (Invitrogen) or DAPI. Images were analyzed
with the confocal microscope (Leica).

Protein lysates preparation and Western blotting

For immunoblotting, cell lysates were obtained by incubating
cells in RIPA buffer containing PBS solution, 1% Igepal, 0.5%
sodium deoxycholate, 0.1% SDS (Sigma), protease and phos-
phatase inhibitors (cocktail Complete, Roche), 5 mM EGTA,
10 mM B-glycerophosphate). Equal amounts of protein extracts
were run on polyacrylamide gel electrophoresis, transferred to
PVDEF-FL membranes (Millipore) and blotted with antibodies
against H2AX (Ser139) (#9718), p53-Serl5 (#9284), p53-
Lys379 (#2524), p53 total (#2524), Sox2 (#4900), GAPDH
(#2118) from Cell Signaling; oct3/4 (#sc-5279) and nanog (#sc-
376915) from Santa Cruz; p21/Wafl (Invitrogen #AHZ0422),
a-tubulin (Sigma #T5168) according to manufacturer’s recom-
mendations. HRP-conjugated goat anti-rabbit and rabbit
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anti-mouse antibodies (Pierce) were used as secondary antibod-
ies. Proteins on membranes were visualized by means of ECL
(Amersham). The relative band intensity was quantified using
the GeL-pro Analyzer® software.

qRT-PCR and RT-PCR

For qRT-PCR and RT-PCR total cellular RNA was isolated
using TRIzol® (Invitrogen) according to a manufacturer’s proto-
col. Reverse transcription was performed with 2 ug RNA, using
random hexaprimers (Promega) and M-MuLV Revertase
(RevertAid, Fermentas). qPCR was performed using the Real-
Time PCR Reagent kit with SYBR Green dye and the reference
dye ROX (Syntol), on the 7500 Real-Time PCR System
(Applied Biosystems). The reaction parameters were according
to the manufacturer’s instructions (5 min 95°C, then 60°C 50 s
and 95°C 15 s repeated in 45 cycles). The following gene-spe-
cific primers were used: oct-3/4-F, CAAGTTGGCGTGGA-
GACT; oct-3/4-R, TTCATGTCCTGGGACTCCTC; nanog-F,
GATGCAAGAACTCTCCTCCA; nanog-R, CAATGGATGC
TGGGATACTC; sox2-F, -ACATGAACGGCTGGAGCAACG,
sox2-R, CATGTAGGTCTGCGAGCTGGTC; p21/Wafl-F, CC
ATGAGCGCATCGCAATC; p21/Wafl-R  CCTGGTGATG
TCCGACCTG; gapdh-F, TGTGTCCGTCG-TGGATCTGA;
gapdh-R, TTGCTGTTGAAGTCGCAGGAG. The data were
normalized to gapdh mRNA levels. SEM was calculated for 3
technical replicates within the experiment. PCR was performed
using Taq polymerase (Fermentas) according to manufacturer’s
instructions. The following gene-specific primers were used:
p21/Wafl-F, AAAGCCTCCTCATCCCG-TGTT C; p21/Wafl-
R, GTCACCCTGCCCAACC-TTAGAG; afp-F, TGGTTACAC-
GAGGAAAGCCCG; afp-R, AATGTCGG-CCATTCCCTCAG;
gata6-F, TCACCATCACCCGACCTACT; gata6-R, GATGAA
GGCACGCGCT-TCTG; sox17-F, GCTTT-AAATGGGAGG-
GAGGGT; soxI7-R, CTGGAGGTGCTGCTCATTGTA. Pri-
mers for oct3/4, nanog, sox2, gapdh gene were the same as for
qPCR.

Dual luciferase reporter assay

Cells grown in 24-well plates (Costar) were transfected with
0.8 pg of p53-responsive reporter plasmid PG13-luc using Lip-
ofectamine® 2000 (Invitrogen) as recommended by the manu-
facturer. Expression of Renilla was used as an internal control
value to which expression of the experimental firefly luciferase
reporter gene was normalized. Twenty-four h after transfection
mESCs were irradiated with 6 Gy, and then 4 and 24 h post-
irradiation were subjected to luciferase activity assays using the
Dual-Luciferase Reporter Assay System (Promega). Analysis of
luciferase activity was done on luminometer TD-20/20 (Turner
Designs). Each experiment was repeated at least 3 times. Dia-
grams represent means = SEM.

Caspase-3 activity assay

Fluorescent caspase substrate (Ac-DEVD-AMC, Biomol) was
used to measure caspase-3 activity in vitro. Cells were washed
with PBS and lysed in ice-cold buffer containing 50 mM
HEPES pH 7.4, 5 mM CHAPS, 5 mM DTT, 0.5% NP-40 for

30 min. After centrifugation protein concentration was mea-
sured and 100 ug of proteins from each sample were used for
the assay. Samples were incubated for 1 h at 37°C in the follow-
ing buffer: 20 mM Hepes pH 7.4, 0.1% CHAPS, 5 mM DTT,
2 mM EDTA, 40 mM Ac-DEVD-AMC (Sigma). The emission
fluorescence at 460 nm produced by cleaved Ac-DEVD-AMC
was measured after excitation at 360 nm using fluorimeter Glo-
Max®-Multi Jr.
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