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Both p53 and the Wnt signaling pathway play important roles in
regulating the differentiation of mouse embryonic stem cells
(mESCs). However, it is not known whether they directly and/or
functionally crosstalk in mESCs. Here we report a surprising anti-
differentiation function of p53 in mESCs through directly regulating
the Wnt signaling pathway. A chromatin-immunoprecipitation-
based microarray (ChIP-chip) and gene expression microarray assays
reveal that the Wnt signaling pathway is significantly (P value,
0.000048) overrepresented in p53-regulated genes in mESCs. The
expression of five Wnt ligand genes is robustly induced by various
genotoxic and nongenotoxic insults in a p53-dependent manner.
Moreover, the induction of these Wnt genes is greatly attenuated
in mouse embryonic fibroblast (MEF) cells and ESC-derived neural
stem/progenitor cells, suggesting that the induction is mESC spe-
cific. It is established that the activation of the Wnt signaling path-
way inhibits the differentiation of mESCs. Consistent with this
notion, we detected an antidifferentiation activity from the condi-
tioned medium (CM) collected from UV (UV)-treated mESCs. This
antidifferentiation activity can be lowered by either the addition
of Wnt antagonists into the CM or the reduction of p53 levels in
UV-treated mESCs. Therefore, reminiscent of its dual functions on
death and survival in somatic cells, p53 appears to regulate both
prodifferentiation and antidifferentiation programs in mESCs. Our
findings uncover a direct and functional connection between p53
and the Wnt signaling pathway, and expand the catalog of p53
regulated genes in mESCs.
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umor suppressor p53 is a sequence-specific transcription

factor and critical for maintaining the genomic stability of an
organism (1). Without stresses, the protein levels of p53 in cells
are low and the majority of p53 remains in cytoplasm. Upon
various stresses, the half-life of p53 increases from several
minutes to hours. p53 then translocates into the nuclei and
activates its target genes. Depending on cell and stress types, p53
can elicit different biological outcomes, such as cell cycle arrest,
apoptosis, and senescence (2). The roles of p53 in somatic cells
have been extensively studied. However, our knowledge about its
roles in embryonic stem cells remains limited.

Embryonic stem cells (ESCs) are derived from inner cell mass
of blastocysts and can develop into three germ layers of an
embryo (3-5). Therefore, they hold great potential in tissue
regeneration therapy. ESCs have an internal gene expression
program that is largely governed by pluripotent factors, such as
Nanog and Oct4 (6, 7). Several external signaling pathways also
connect to this internal circuitry. For example, leukemia inhib-
itory factor (LIF)/gp130/STAT3 signaling pathway supports
unlimited self-renewal of mouse ESCs (mESCs) (8). Recently,
the Wnt signaling pathway has been linked to the self-renewal of
ESCs (9, 10). Apart from the LIF/gp130/STATS3 signaling path-
way, the activation of the Wnt signaling pathway alone does not
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sustain the long-term self-renewal of mESCs but only tempora-
rily inhibits the differentiation of mESCs (11, 12).

Because of the ability to differentiate into many cell types, ESCs
must have developed a mechanism to cope with various stresses, in
particular, DNA damage insults, to avoid passing the mutation to
their progeny cells. Indeed, it is known that ESCs have a lower
mutation rate than somatic cells by two orders of magnitude (13).
The failure of this stress-defense system in ESCs may cause various
developmental abnormalities and cancers. As the “guardian of the
genome,” p53 participates in the stress-defense program of ESCs.
Compared to their differentiated counterparts, ESCs have two
unique features in response to DNA damage insults, both of which
are mediated by p53. First, ESCs are more sensitive to DNA damage
agents than somatic cells (14, 15). Both p53-dependent and -inde-
pendent pathways are involved in the rapid apoptosis of mESCs
(16-18). Second, a p53-dependent repression of Nanog expression
correlates with the differentiation of mESCs that are exposed to
DNA damage (17, 19). In human ESCs (hESCs), p53 may also
decrease the expression of Oct4 in response to genotoxic stresses
(17). Regardless of the mechanism, p53-driven differentiation in
ESCs may represent another means to clear the ESCs with DNA
damage. Together, these two unique features of ESCs ensure ESCs
to maintain the genomic stability of the whole population.

Despite these findings, our knowledge about whether p53 has
additional roles in embryonic stem cells and how it functionally
interacts with other signaling pathways is limited. In the current
study, we identified p53 target genes in mESCs using a combi-
nation of ChIP-chip and gene expression microarray assays.
Surprisingly, we identified the Wnt signaling pathway as one of
the major targets of p53 in mESCs. The most notable observa-
tion in our study is that several Wnt ligand genes are highly
induced by genotoxic and nongenotoxic stresses in a p53-
dependent manner. Using a conditioned medium approach, we
found that ultraviolet (UV)-treated mESCs secrete an anti-
differentiation activity, which is dependent on the Wnt signaling
and p53. Collectively, our results revealed a unique connection
between p53 and the Wnt signaling in mESCs.
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Results
Identification of p53 Binding Sites in mESC Using ChIP-Chip Assay.
Pluripotent mESCs express abundant p53 (18, 19). However, its
precise roles in mESCs are not fully appreciated. To explore the
potential functions of p53 in mESCs in a global and unbiased
manner, we set out to map the genomewide binding sites of p53
using a ChIP-chip assay with an Agilent mouse promoter micro-
array. This microarray platform was designed to contain 60-bp
DNA probes to cover from —5.5 kb upstream to +2.5 kb down-
stream of the transcriptional start sites (TSSs) of about 17,000
well-defined mouse transcripts. Adriamycin (also called doxor-
ubicin), a DNA damage agent, was used to treat mESCs (R1E
cells) for 8 h (Fig. 14) (20, 21). Untreated cells served as a control.
We detected 1,132 genes bound by p53 in mESCs (R1E cells)
treated with adriamycin [Fig. 14, Fig. S14, and Table S1]. Inter-
estingly, we also identified 969 genes bound by p53 in untreated
mESCs (Fig. 14, Fig. S14, and Table S2). About half (52.7 and
51.8% for untreated and treated, respectively) of the p53 bound
regions located inside the coding region of the genes (Fig. S1B). The
majority (65%, 733 out of 1,132) of the genes bound by p53 with
DNA damage overlapped with that without DNA damage, indi-

ChlIP-chip C
p21 7.5X, **
. 140 v
E p53 $ 120 6.3X, **
£ 100 - 1,0, ns -
[ p-actin S g0 |
S 6 mCtr
% 40 W Adr
<20
B 0 - : : :
——Ctr > g 9
30 - S & S
g ——Adr N 2 Rk
g 25 - <& & o
S 20 4 <
£ 15 4
= 10 4
L 5 mdm2 14.1X, **
0+ Genomic 200 — o
28816334 (Chr17) 28823916 posmon 3.1%,
150 —

Fold enrichment
[
1)
S
-
9
x
*

Fold enrichment

40
30 4
T
20
& & 2

10 - X

<& N c?’{.
0 - nomic <

Ge
117111394 (Chr10) 117119207 position

mdm2
10 2 1
2 = Ctr

= = Ctr ® 08
é 8 ® Adr _5 = Adr
56 Quantiles S 067
c © 10% <
5 4 ‘ 50% g 04
° o= = 90% c

2 . g 0.2

0 T 0 ©

5432 -1 0+1+2 5 v’v\w nﬁ* A

Distance from TSS (kb) Size of enriched region (kb)
Fig. 1. ChIP-chip assay to identify p53 bound genes in mESCs. (A) (Left) AVenn
diagram of p53 bound genes in MESCs untreated (Ctr) and treated with
adriamycin (Adr) for 8 h; (Right) Western blot analyses of p53 and g-actin. (B)
Examples of p53 bound genes from ChIP-chip. (C) ChIP assay to measure the
binding of p53 on p27 and mdm2 genes using antibodies targeting total p53,
p53S18P, and p53K379ac. Fold enrichment was calculated as ratio of specific
antibody signal versus nonspecific IgG. Numbers shown are ratios of fold
enrichment with adriamycin treatment to untreated condition. **P < 0.01; *P <
0.05; ns, not significant. (D) Distribution of selected quantiles of fold enrich-
ment over the distance between bound probes and the closest transcription
start site. Probes within the —5.5 kb to +2.5 kb genomic region for all enriched
genes were used to estimate the densities. (E) Frequencies of the size of p53
bound regions identified on the promoter microarrays.
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cating that p53 preoccupies many of its target genes before adria-
mycin treatment. Indeed, p53 binds to its two well-characterized
target genes, p21 and mdm2, before and after adriamycin treatment
(Fig. 1B). To assess whether the promoter bound p53 before
adriamycin treatment is activated, we performed classical ChIP
assay using antibodies specifically recognizing total p53, p53 serine
18 (serine 15 in human) phosphorylation (p53S18P), and p53 lysine
379 (lysine 382 in human) acetylation (p53K379ac). p53S18P and
p53K379ac are two well-established posttranslational modifications
that correlate with the activation of p53 (22-24). Although adria-
mycin did not increase the promoter occupancy of total p53 on the
p21 gene, it greatly enhanced p5S3S18P and p53K379ac signals by
7.5- and 6.3-fold, respectively (Fig. 1C, Upper). Therefore, the ratios
of p53S18P/total p53 and p53K379ac/total p53 increased 7.6- and
6.4-fold, respectively (Fig. S1C, Upper). A similar trend was also
observed on the mdm?2 gene (Fig. 1C and Fig. S1C, Lower). These
results demonstrate that the main outcome of adriamycin treatment
isto increase the portion of activated p53, but not the total p53, oniits
target genes. Thus, p53 is “poised” for activation on its target genes,
presumably to facilitate a fast response in mESCs upon stresses.
The distribution of the distance between the transcription start
sites (TSSs) and bound probes showed that the average binding peak
of p53 in mESCs was 0.5 kb downstream of TSS (Fig. 1D). Sur-
prisingly, adriamycin only had a minimal effect on the average fold
enrichment of p53 on its bound genes (Fig. 1D) despite enhancing
the total p53 levels fourfold in cells (Fig. 14). These results suggest
that the recruitment of p53 to many of its target genes is saturated
before adriamycin treatment, which is consistent with the observa-
tions of p53 binding on p27 and mdm?2 genes (Fig. 1 B and C). The
sizes of the majority (~60-70%) of p53 binding regions were less
than 1 kb. Adriamycin treatment did not change the size distribution
of p53 binding sites (Fig. 1E). Overall, our results provide a
genomewide view of p53 on its target genes in mESCs.

The Wnt Signaling Pathway Is Enriched in p53-Regulated Genes in
mESCs. To search for the signaling pathway(s) that was (were)
enriched in p53 target genes, we first determined the genes that are
bound by p53 and differentially altered (corrected P value <0.05)
after adriamycin treatment. Combining the ChIP-chip and gene
expression microarray studies, we identified 573 genes that
contain p53 binding site(s) and whose expression is significantly
changed after adriamycin treatment (Fig. 24, Fig. S1D, and
Table S3). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis (25) was then performed using this gene set
(Table S3). This analysis revealed that the top four enrlched
signaling pathways were p53 signaling (P Value 3.12 x 107%),
basal cell carcinoma (P value, 2.94 x 107°), Wnt signaling
(P value, 4 8 x 107°), and colorectal cancer signaling (P value,
1.06 x 107) (Table 1 and Fig. 2 B and C). The gene names in the
basal cell carcinoma and colorectal cancer signaling heavily
overlapped with those in the Wnt signaling pathway (Table 1),
suggesting that the Wnt signaling pathway is one of the major
targets of p53 in mESCs. To our knowledge, this report uniquely
establishes a direct connection between p53 and the Wnt sig-
naling pathway in mESCs using high throughput approaches.
The major components in the Wnt signaling pathway include
19 secreted Wnt ligands, 10 transmembrane receptors and cor-
eceptors, signal transducers (e.g., p-catenin and GSK3b), and
Lef1/Tcf transcription complex. Secreted Wnt ligands bind to
their receptor/coreceptor complex and elicit a series of down-
stream events, which eventually activates the Lefl/Tcf tran-
scription complex. We identified 5 Wnt ligands, 5 receptors, one
component of Lefl/Tcf complex, and nine putative regulators
and downstream targets of the Wnt signaling as p53 target genes
(Fig. 2B). Real-time PCR results confirmed that the gene
expression changes of these identified genes in the Wnt signaling
pathway are p53 dependent (Fig. 2C). Among these targets, the 5
Whnt ligands, Wnt3, Wnt3a, WntSa, WntSb, and Whnt9a, are highly
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induced (with fold induction larger than five) by p53 with
adriamycin treatment.

The recruitment of p53 on the genes in the Wnt signaling can
be arbitrarily grouped into two categories. The first category has
relatively well-defined binding peaks, such as for the Wnt8a gene
(Fig. 2D). The binding regions of p53 in the second category
cover a large area of the corresponding genes without obvious
peaks, as exemplified by that on the Wnt3 gene (Fig. 2D).
Interestingly, the fold enrichment of p53 did not correlate with
the fold induction of its target genes (compare Fig. 2C with 2D),

suggesting that the fold induction is also influenced by other
event(s) rather than by the DNA recruitment of p53 alone.

The Induction of the Wnt Genes by p53 Represents a General Stress
Response of mESCs. We were intrigued by the observation that p53
highly induces the expression of five Wnt ligand genes for two
reasons. First, the fold induction of the Wnt genes by p53 is much
higher than that of other identified genes in the Wnt signaling
pathway (Fig. 2 B and C). Second, the Wnt signaling pathway plays
an important role in regulating the self-renewal of mESCs (9, 10,
26-29). In particular, recombinant Wnt3a inhibits the differ-
entiation of mESCs (11, 30). Paradoxically, p53 has been shown to
possess a prodifferentiation role in mESCs (19). Therefore, the
induction of Wnt ligand genes by p53 may represent a previously
undiscovered antidifferentiation role of p53 in mESCs.

To further gain insights into the induction of the Wnt ligand
genes by p53, we initially tested whether the induction of the five
Wnt genes by p53 can be observed in other cell types. For this
purpose, we treated mESC-derived neural progenitor cells (NPCs)
and mouse embryonic fibroblast (MEF) cells with adriamycin for 8
h. The fold induction of the five Wnt genes was then measured by
real-time PCR assay. For Wnt3a, WntSa, and Wnt8b genes, the
induction was completely lost in NPCs and MEF cells (Fig. 34).
The induction of Wnt3 and Wnt9a was greatly attenuated. These
results demonstrate that the induction of the Wnt ligands is tightly
associated with mESCs and therefore suggest that the induction of
the Wnt ligand genes by p53 plays an important role in mESCs. To
explore the underlying mechanism(s) of this ESC-specific Wnt
induction by p53, we performed classical ChIP assay in mESCs,
NPCs, and MEFs using p53 antibody (Fig. S24). The bindings of
p53 on Wnit3, Wnt3a, Wnt8a, and WntSb genes in mESCs are sig-
nificantly (P < 0.05) higher than those in NPCs and MEFs, strongly
suggesting that the decrease of the bindings of p53 on Wnt ligand
genes is one of the mechanisms of ESC-specific Wnt induction by
p53. Because most of the previous studies on p53 were performed
using either differentiated cells or cancer cell lines, it is not sur-
prising that the induction of the Wnt ligand genes by p53, to our
best knowledge, has not been detected.

p53 acts as a general stress sensor (1,2). Therefore, we examined
whether other stresses besides adriamycin also induce the Wnt
gene expression. mESCs were treated with nutlin, a nongenotoxic
p53-specific inducer (31) and UV, another genotoxic insult. We
found that both nutlin and UV treatment highly activate the
expression of the five Wnt genes (Fig. 3B). Importantly, the
induction of Wnt ligand genes by nutlin and UV are p53 dependent
because the reduction of p53 by two short interference RNAs
(siRNAs) decreased the fold induction (Fig. S2 B and C). Given
that nutlin is a specific and nongenotoxic activator of p53, these
results suggest that the induction of the Wnt genes is not limited to
the genotoxic insults and more likely represent a general p53-
mediated stress response.

The Induction of the Wnt Genes Is Not the Result of Nanog Repression
and Apoptosis. Because p53 promotes both the repression of the
Nanog gene and apoptosis in mESCs (16, 19), we investigated
whether the induction of the Wnt genes depends on apoptosis or

Table 1. Gene names of enriched pathways in the differentially altered p53-target genes in mESCs upon adriamycin treatment

Term P-value Genes

p53 signaling pathway 3.12E-08 Gtsel, Puma, Sesn2, Ccngl, Ccnd2, Noxa, Lrdd, PIGS8, Pirh2, Gadd45g, Trp73, Rrm2, Wig1, Bail,
p21 (Cdkn1a), mdmz2, Fas

Basal cell carcinoma 2.94E-05 Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt9a, Fzd1, Fzd2, Fzd6, Fzd8, Fzd10, Lef1, DvI3

Wnt signaling pathway 4.80E-05 Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt9a, Fzd1, Fzd2, Fzd6, Fzd8, Fzd10, Lef1, Ppp3cb, Nfatcl,
Ccnd2,Cxxcd, Ppp2r2c, Ppard, Smad3, DvI3, Fosl1

Colorectal cancer 1.06E-03 Fzd1, Fzd2, Fzd6, Fzd8, Fzd10, Lef1, Dvi3, Birc5, Smad3, Fosl1, Acvrib, Pdgfra

Gene set (Fig. 2A) was subject to KEGG pathway analysis to generate the gene list for each enriched pathway (P value < 0.005).
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Fig. 3. Characterization of the induction of the Wnt genes by p53. (A) Real-
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Wnt9a with adriamycin for 8 h in mESC (R1E), NPC (derived from R1E), and
MEF cells. (B) Real-time PCR measurement of fold induction of Wnt3, Wnt3a,
Whnt8a, Wnt8b, and Wnt9a with nutlin or UV in mESCs. (C) The kinetics of
the induction of Wnt3a and Wnt8b upon nutlin or adriamycin treatment. (D)
Western blot analysis to measure the protein levels of Wnt3, Nanog, p53,
and p-actin. (E) (Upper) mRNA levels of Wnt3, Wnt3a, Wnt8b, and Wnt5a
(control) during retinoic acid (RA)-induced differentiation of mESCs; (Lower)
protein levels of Nanog and p-actin. Statistical analyses (comparing to day 0)
were performed. (F) Annexin V staining to measure the apoptosis of R1E
cells treated with adriamycin for 0, 8, and 20 h. All of the real-time PCR
results are displayed as the mean + SEM; n = 3; *P < 0.05; ns, not significant.

the repression of Nanog. We first measured the kinetics of the
induction of the Wnt genes upon adriamycin or nutlin treatment
(Fig. 3C). The kinetics of Wnt induction by adriamycin and nutlin
treatments was similar despite the fact that the maximum fold
induction differed. The induction of the Wnt genes was detected as
early as 4 h after adriamycin or nutlin treatment (Fig. 3C). As
previously shown (19), the protein levels of Nanog decrease upon
adriamycin treatment (Fig. 3D). The induction of Wnt genes is
concomitant with the decrease of Nanog, which raises the possi-
bility that the induction of Wnt is simply the result of Nanog
repression. To test this possibility, we used retinoic acid treatment
to induce the differentiation of mESCs, which in turn decreases the
levels of Nanog (Fig. 3E, Lower). Although we observed a decrease
of Nanog levels, we did not detect the induction of Wnt3, Wnt3a,
and Wnt8b (Fig. 3E), suggesting that the induction of the Wnt genes
could not simply be explained by the Nanog repression. To firmly
dissociate the repression of Nanog and the induction of Wnt ligand
genes, we used two siRNAs against Nanog to transiently reduce the
levels of Nanog in mESCs. Cells then were treated with adriamycin
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for 8 h. Because of the mESC-specific nature of Wnt induction (Fig.
34), we measured the induction of Wnt ligand genes 2 days after
siRNA transfection (short term) with the hope that mESCs still
maintained their stemness (Fig. S34). Although the two siRNAs
effectively reduced the levels of Nanog in mESCs, they did not
significantly (P value >0.1) alter the fold induction of five Wnt
ligand genes (Fig. S3B), strongly supporting the conclusion that the
induction of Wnt ligand genes is not the result of Nanog repression.
The apoptosis of mESCs was also measured after adriamycin
treatment for 8 or 20 h. After 20-h treatment, about 31% of mESCs
underwent apoptosis. Eight hours of adriamycin treatment did not
cause detectable apoptosis in mESCs compared to untreated
control (Fig. 3F). However, the induction of the Wnt genes already
reached a plateau at the 8-h time point (Fig. 3C), demonstrating
that the induction of the Wnt genes precedes apoptosis. Therefore,
these results suggest that the induction of the Wnt genes is not the
consequence of Nanog repression or apoptosis.

DNA-Damaged mESCs Secrete a Wnt- and p53-Dependent
Antidifferentiation Activity. Wnt ligands are secreted proteins
and inhibit the differentiation of mESCs (9, 28). Because p53
induces the expression of the Wnt genes, we hypothesize that
stressed mESCs secrete a Wnt- and p53-dependent anti-
differentiation activity. To detect an antidifferentiation activity
secreted from untreated (control) or UV-treated mESCs, con-
ditioned media (CM) from mESCs untreated or treated with UV
for 24 h were harvested (Fig. 44). These media were then used to
grow mESCs for 7 days in the absence of LIF, a cytokine that
prevents mESCs from differentiation (Fig. 44). The percentage
of cells that have positive staining of Nanog or Oct4, two pluri-
potent markers for undifferentiated mESCs, served as an index
of undifferentiated mESCs. In the absence of LIF, mESCs start
to differentiate and the percentages of Nanog- and Oct4-positive
cells decrease, as previously shown (8). If CM contains an anti-
differentiation activity, it will increase the percentage of Nanog-
or Oct4-positive cells. We chose to use UV treatment because it
induces the expression of the Wnt genes (Fig. 3B) but does not
contaminate the CM. Recombinant mouse Wnt3a (rWnt3a) was
used as a positive control for the antidifferentiation activity.

Consistent with the fact that rWnt3a inhibits the differ-
entiation of mESCs (9), mESCs grown in medium without LIF
but containing rWnt3a have significantly higher (P value <0.01)
Nanog- or Oct4-positive cells compared to those grown in
medium without LIF (Fig. 4B and Fig. S5). Using this CM-based
assay, we were able to detect a higher percentage of Nanog-
(~29%) or Oct4-positive (~41%) cells in mESCs grown in CM
collected from UV-treated mESCs (Fig. 4B and Fig. S44) than
mESCs grown in CM without UV treatment (17 and 29% for
Nanog and Oct4, respectively). Results from alkaline phospha-
tase (AP) staining, a commonly used self-renewal assay, is con-
sistent with that of Nanog and Oct4 staining (Fig. S4B).
Therefore, these results demonstrate that UV-treated mESCs
secrete an antidifferentiation activity.

We then addressed whether this antidifferentiation effect in CM
from UV-treated mESCs was dependent on Wnt ligands. Because
some Wnts have redundant effects (32), we used two general
inhibitors of Wnt signaling, soluble frizzled-related protein 2
(sFRP2), and Dickoppf-1 (Dkk-1). sFRP2 prevents the binding of
Whts to their receptors, Frizzleds, and Dkk1 inhibits the function
of coreceptor, LRP5/6 (33). The addition of sFRP2 or Dkk1 into
the CM lowered the antidifferentiation activity (Fig. 4C), strongly
suggesting that the secreted Wnts are, at least partially, respon-
sible for the antidifferentiation activity in CM from UV-treated
mESCs. It is noteworthy that our results do not rule out the pos-
sibility that other signaling pathways are also involved.

Because p53 activates the expression of the Wnt genes, the
reduction of p53 levels in mESCs treated with UV should decrease
the antidifferentiation activity in CM. To test this prediction, the

Lee et al.


http://www.pnas.org/cgi/data/0909734107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
http://www.pnas.org/cgi/data/0909734107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
http://www.pnas.org/cgi/data/0909734107/DCSupplemental/Supplemental_PDF#nameddest=sfig05
http://www.pnas.org/cgi/data/0909734107/DCSupplemental/Supplemental_PDF#nameddest=sfig04
http://www.pnas.org/cgi/data/0909734107/DCSupplemental/Supplemental_PDF#nameddest=sfig04
www.pnas.org/cgi/doi/10.1073/pnas.0909734107

L T

@)

/

1\

Percentage of Nanog-positive cells

=y

A B

Phase Nanog Oct4
-uv +UVv

@\L % o --- s
Harvest CM
N '
3 3 mescs GM(-LIF)

\l/ 7days

Immunostaining and cell counting
GM(-LIF)+
CM(-UV)
100%

90% 4 81%
80% -
70% -
60% -
50% - —

GM(-LIF)+
CM(+UV)

GM(-LIF)+
40% - rWnt3a
30% -
20% -
10%
0%

+ o+ Luc_si
+ + p53_si#l

+ GM(+LIF) + 4 UV (24h)
+ + 4+ 4+ 4 + + GM(-LIF)
+ + + CM(-uV) [ wnts
+ + + CM(+UV) o3
+ o+ SFRP2 B-actin
+ + Dkkl
F p53-activating stresses E 30% ¢

50% | —
40%
30%
20%
10%
0%

Apoptosis €—— p53

N

JNanog ™ Wnts

! !

Anti-differentiation

Percentage of Nanog-
positive Cells
Difference of percentage of Nanog-
positive cells (UV versus Ctr)

a
®

Ctr | UV | Ctr | UV

Differentiation

Luc_si

Luc_si [p53_si#l

p53_sitt1

Fig. 4. DNA-damaged mESC secrete a Wnt- and p53-dependent anti-
differentiation activity. (A) Schematic representation of an assay to detect an
antidifferentiation activity. CM, conditioned medium. (B) A representative
illustration of Nanog and Oct4 immunostaining. GM, growth medium; LIF,
1,000 units/mL leukemia inhibitory factor; rwnt3a, 100 ng/mL recombinant
mouse Wnt3a. The percentage of Nanog- or Oct4-positive cells was calculated
from 10 random views and the results were shown in Fig. S4A. (C) Quantifi-
cation of the percentage of Nanog-positive cells of mESCs grown in various
combinations of GM and CM plus or minus sFRP2 or Dkk1 as indicated. (D)
Western blot analyses of Wnt3, p53, and -actin. (E) (Left) Quantification of
the percentage of Nanog-positive cells of mESCs grown in CM collected from
mESCs transfected with /uciferase siRNA or p53 siRNA#1 (p53_si#1) untreated
ortreated with UV. (Right) The difference of the percentage of Nanog-positive
cells between mESCs grown in CM from UV-treated mESCs and cellsin CM from
untreated mESCs was shown for luciferase and p53 siRNA transfections. (F)
Summary of the roles of p53 in mESCs. All results are displayed as mean + SEM;
n=3;*P<0.05; **P <0.01.

levels of p53 in mESCs were ablated using siRNA and CM was
collected from cells untreated or treated with UV (Fig. 4D).
Indeed, mESCs grown in the CM from UV-treated p53 knock-
down cells had a significantly lower (P value <0.01) percentage of
Nanog-positive cells compared to mESCs grown in the CM from
UV-treated mESCs transfected with luciferase siRNA (Fig. 4E,
Left). In addition, the reduction of p53 levels decreased the effect
of UV on increasing the antidifferentiation activity, as manifested
by the percentage difference of Nanog-positive cells between with-
and without-UV treatments (Fig. 4E, Right). Moreover, the
decrease of the Nanog-positive cells correlates with the decrease of
Wnat protein production (Fig. 4D). Using a second siRNA targeting
p53, we observed similar results (Fig. S4 C and D). Of note, p53
may not be the only factor that mediates the UV-induced anti-
differentiation activity because UV might have a p53-independent
effect. Together, our results demonstrate that the CM from UV-
treated mESCs contains an antidifferentiation activity, which
depends at least partially on both Wnt ligands and p53.

Lee et al.

CM from UV-Treated mESCs Promotes the Cell Proliferation and
Inhibits the Differentiation into Smooth Muscle Lineage of mESCs. To
test whether CM from UV-treated mESCs has other effects on
mESCs, several additional cellular assays were performed. We
counted the cell numbers of mESCs grown in different combi-
nations of growth medium (GM) and CM as indicated in Fig. 4B.
The number of mESCs grown in CM from UV-treated mESCs
for 7 day (5.3e + 7) is twice the number of those grown in CM
without UV treatment (2.6e + 7) (Fig. S4E), suggesting that UV-
treated CM either increases the cell proliferation and/or the
cell survival of mESCs. Colony survival assay showed that UV-
treated CM did not significantly (P > 0.1) affect the survival of
mESCs (Fig. S4F), suggesting that the main role of UV-treated
CM on the cell number is to promote the cell proliferation.

To address whether CM from UV-treated mESCs affects the
differentiation of mESCs into various lineages, we carried out
immunostaining using antibodies recognizing AFP (a-fetoprotein,
liver, endoderm), SMA (smooth muscle a-actin, smooth muscle,
mesoderm), and MAP2 (microtube-associated protein 2, neuron,
ectoderm), three widely used lineage markers. We did not observe
any staining signal using AFP and MAP2 antibodies. However,
strong signal of SMA was observed (Fig. S54). CM from UV-treated
mESC:s significantly (P < 0.05) decreased the percentage of SMA-
positive cells (Fig. S5B), indicating that CM from UV-treated mESCs
inhibits the differentiation of mESCs into smooth muscle lineage.

Discussion

To identify the unique pathway(s) that is regulated by p53 in
mESCs, we used an unbiased genomewide approach: ChIP-chip
assay combined with gene expression microarray followed by
KEGG pathway analysis. The Wnt signaling pathway was identi-
fied as one of the major targets of p5S3 in mESCs. Of note, the
linkage between p53 and the Wnt signaling has been reported in
cancer cell lines (34). p53 activates the expression of SIAH-1,
which is the E3 ligase of p-catenin (35, 36). However, this appa-
rently is not the scenario in mESCs. In mESCs, p53 simultaneously
regulates the expression of many genes in the Wnt signaling
pathway (Fig. 24-C). Because p53 isregarded as an inducer of the
differentiation of mESCs, it is surprising to observe that p53
induces the production of several Wnt ligands, antidifferentiation
agents of mESCs. Our results support the notion that p53 has dual
functions on the differentiation of mESCs. On the one hand, p53
represses the expression of Nanog, whose repression strictly cor-
relates with the differentiation of mESCs. On the other hand, p53
induces the expression of several Wnt ligands to inhibit the dif-
ferentiation of mESCs. The dual role of p53 in mESCs is remi-
niscent of its roles in somatic cells in controlling life and death, by
activating the expression of prosurvival genes and apoptotic genes,
respectively (37, 38). Therefore, p53 may act as a “decision maker”
of mESCs as to whether to differentiate or not.

In addition to the prodifferentiation and antidifferentiation
roles, p53 is also involved in the rapid apoptosis of mESCs (16).
We observed about 30% of apoptotic cells after 20 h of adria-
mycin treatment (Fig. 3F). Almost no mESCs survived beyond 2
days after treatment, which agrees with previous reports that
mESCs are sensitive to DNA damage insults (14, 15). The
hypersensitivity of mESCs to DNA damage was proposed to be a
mechanism for mESCs to quickly remove DNA damaged cells
from the population, whereby maintaining the genomic stability
of the whole population (39). It appears that the apoptotic
program is dominant in mESCs in response to DNA damage,
although the differentiation and antidifferentiation programs
precede apoptosis (Fig. 3 C—F). Then, why does p53 induce Wnt
production to inhibit differentiation and simultaneously repress
Nanog expression and drive apoptosis in mESCs? We postulate a
model to accommodate all of the observations (Fig. 4F). Upon
stresses, mESCs use p53 to eradicate the cells with DNA damage
burden by promoting their apoptosis and differentiation. This
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safeguard mechanism can ensure mESCs to maintain a pop-
ulation with low mutation rate. However, because of the
hypersensitivity of mESCs to DNA damage and other stresses,
mESCs could quickly lose their population. To maintain the
stability of mESC populations, p53 induces the expression of
Wnat ligands, which are secreted from stressed mESCs to inhibit
the differentiation. Through this exquisite mechanism mediated
by p53, mESCs can simultaneously maintain both genomic and
population stability.

The induction of Wnt ligands by p53 is arguably ESC specific
(Fig. 34), highlighting the cell type-specific role of p53. This result
also offers an explanation of why the induction of Wnt ligands by
p53 hasnot been reported in the extensive studies on p53 in somatic
cells. DNA sequences of the Wnt genes apparently do not explain
this ESC specificity because mESCs, NPCs, and MEF cells have the
same DNA sequences. Results from ChIP assay (Fig. S24) indicate
that one of the underlying mechanisms of ESC-specific induction of
Wntligand genes is the differential binding of p53 in mESCs, NPCs,
and MEFs. The fact that mESCs have more accessible chromatin
than differentiated cells suggests certain epigenetic mechanism(s)
might play a role (40). Indeed, epigenetic regulation has emerged
as an important step to influence the binding of p53 to its target
genes (38). The binding of p53 to the Wnt ligand genes is not typical
because we did not find consensus p53 binding elements within the
promoters and coding regions of the Wnt ligand genes using the
Genomatix program. It is highly possible that the binding of p53 on
the Wnt genes could be mediated by a mESC-specific protein. The
tethering of pS3 by other factors to its target genes has been shown
in somatic cells (41). The underlying mechanism is currently under
investigation in the laboratory.
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Overactivation of the Wnt ligands is tumorigenic in certain types
of somatic cells (26). Therefore, p53 could become “tumorigenic”
if the induction of Wnt ligands by p53 is aberrantly inherited by the
progeny cells of mESCs. The attenuation of the Wnt induction by
p53 in more differentiated cells (Fig. 34) could be one of the
mechanisms to cancel the potential tumorigenic role of p53.
Although the tumorigenic role of p53 has only been reported with
mutant pS3 (41, 42), recent progress of generating induced pluri-
potent stem (iPS) cells from MEFs and NPCs in vitro raises the
possibility that wild-type p53 could switch from tumor suppressive
to tumorigenic function under certain currently unknown con-
ditions (43, 44). Our results merit further investigation of this
possibility using an in vivo cancer model in the future.

Materials and Methods

Materials and methods include growth conditions for meSC, NPC, and MEF
cells, ChIP-chip assay, genomewide location analysis, gene expression
microarray and analysis, pathway analyses, preparation of conditioned
medium and detection of the antidifferentiation activity, immunostaining,
Western blotting, reverse transcription and real-time PCR, short interference
RNA (siRNA) transfection, alkaline phosphatase (AP) staining, and colony
survival assay. Details for each method are described in S/ Text. High
throughput data were submitted to GEO database (GSE16427 for ChIP-chip
and GSE16428 for gene expression microarray).
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