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DNA methylation is a key regulator of embryonic stem cell (ESC) biology, dynamically changing between naïve,
primed, and differentiated states. The p53 tumor suppressor is a pivotal guardian of genomic stability, but its
contributions to epigenetic regulation and stem cell biology are less explored. We report that, in naïve mouse ESCs
(mESCs), p53 restricts the expression of the de novo DNA methyltransferases Dnmt3a and Dnmt3b while up-
regulating Tet1 and Tet2, which promote DNA demethylation. The DNA methylation imbalance in p53-deficient
(p53−/−) mESCs is the result of augmented overall DNA methylation as well as increased methylation landscape
heterogeneity. In differentiating p53−/− mESCs, elevated methylation persists, albeit more mildly. Importantly,
concomitant with DNA methylation heterogeneity, p53−/− mESCs display increased cellular heterogeneity both
in the “naïve” state and upon induced differentiation. This impact of p53 loss on 5-methylcytosine (5mC) hetero-
geneity was also evident in human ESCs and mouse embryos in vivo. Hence, p53 helps maintain DNAmethylation
homeostasis and clonal homogeneity, a function that may contribute to its tumor suppressor activity.
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DNA methylation is a key epigenetic mark that is corre-
lated with the major transitions during embryogenesis
and other developmental processes. Differentiation and
dedifferentiation of mouse embryonic stem cells (mESCs)
provide a model for analyzing the regulation and possible
functional roles of DNA methylation in maintaining
pluripotency and facilitating differentiation. For example,
when mESCs are induced to undergo differentiation, the
transcriptional network ensuring pluripotency is si-
lenced, and de novo DNA methylation is observed at
promoters of key pluripotency factors (Thiagarajan et al.
2014). Conversely, when serum-maintained mESCs are
moved to serum-free conditions with two kinase inhibi-
tors (2i), their developmental potential is enhanced along-
side substantial loss of DNA methylation (Leitch et al.
2013). These transitions recapitulate early embryonic
stages (Nichols and Smith 2009; Martin Gonzalez et al.
2016), but the mechanisms modulating DNA methyla-
tion remain to be fully characterized. The DNA methyla-

tion machinery is crucial for lineage specification, and
mice lacking functional DNA methyltransferases
(DNMTs) fail to develop properly (Siegfried and Cedar
1997; Smith and Meissner 2013); therefore, more compre-
hensive elucidation of the regulation of DNAmethylation
is pivotal to understanding the pluripotent state.
In mammals, DNA methylation is governed by three

DNMTs: Dnmt3a and Dnmt3b, responsible for setting
de novo DNAmethylation patterns, and Dnmt1, required
primarily for maintenance of such patterns. In addition,
TET enzymes (Tet1 and Tet2 in mESCs) facilitate deme-
thylation by catalyzing oxidation of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC), which, by
sequential oxidation steps, provides the substrate for re-
versal to unmethylated cytosine (Ficz et al. 2011). Recent
studies show that DNAmethylation patterns in ESCs are
likely determined by a balance between methylation and
demethylation rather than copied from a pre-established
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template (Shipony et al. 2014). Accordingly, the regula-
tion of DNMT and TET genes may ultimately determine
the dynamics of DNA methylation in pluripotent states.
p53 is a pivotal tumor suppressor, playing major roles in
maintaining genome stability (Levine and Oren 2009;
Qiu et al. 2011; Carvajal and Manfredi 2013; Aylon et al.
2016). Functional p53 is linked to maintenance of the
epigenome (Levine and Greenbaum 2012) and specifically
DNA methylation of retroelements (Leonova et al. 2013).
Moreover, p53 depletion facilitates reprogramming of
differentiated cells into ESC-like induced pluripotent
stem cells (iPSCs), further implicating p53 in epigenetic
robustness (Shin et al. 2013; Shetzer et al. 2014). Epi-
genetic stress, such as global DNA methylation loss, can
trigger p53-induced cell death (Jackson-Grusby et al.
2001; Chiappinelli et al. 2016). Although p53 knockout
mice are viable, they display frequent developmental de-
fects (Molchadsky et al. 2010) along with early onset can-
cer (Donehower et al. 1992; Rivlin et al. 2015). At a young
age, prior to cancer formation, p53 knockout mice display
deregulation of the DNA methylation machinery (Park
et al. 2005). AbnormalDNAmethylation patterning is fre-
quently observed in cancer (Schnekenburger et al. 2014)
and may be associated with intratumoral heterogeneity
(Landau et al. 2014; Pisanic et al. 2017). This raises the in-
teresting question of whether functional deregulation of
p53, as occurs in a majority of cancers, impinges on nor-
mal DNA methylation patterning and thereby promotes
epigenetic promiscuity.

To further elucidatewhether p53 is important for epige-
netic robustness and naïve-state cellular homogeneity,
we studied the impact of p53 deficiency on the DNA
methylation landscape and its maintenance in mESCs.
We report that, in naïve mESCs, p53 regulates the expres-
sion of genes encoding key components of the DNA
methylation machinery, including Dnmt3a, Dnmt3b,
Tet1, and Tet2. Moreover, Tet1 and Tet2 are direct p53
transcriptional targets. Consequently, p53 loss promotes
imbalance between 5mC and 5hmC, leading to increased
methylation in naïve mESCs and augmenting the hetero-
geneity of their methylation landscape. Notably, p53 loss
impacts 5mC heterogeneity also in vivo in mouse embry-
os as well as human ESCs (hESCs). Hence, p53-dependent
regulation of 5mC integrity is conserved through evolu-
tion. DNA hypermethylation is maintained, albeit more
mildly, when p53−/− mESCs are induced to differentiate.
Importantly, the aberrant methylation patterns in p53-
deficient mESCs are associated with increased pheno-
typic population heterogeneity in both naïve and dif-
ferentiating conditions as well as a failure to properly
regulate genes associated with either pluripotency or
differentiation.

Together, these observations imply that p53 regulates
DNA methylation homeostasis and contributes to the
maintenance of both the naïve state of ESCs and their abil-
ity to respond properly to differentiation signals. Hence,
lack of proper p53 activity, commonly associated with
loss of genome stability, may shift the normal balance be-
tween methylation and demethylation and contribute to
epigenome instability as well.

Results

p53 modulates the expression of Dnmt and Tet genes
in mESCs

To determine whether p53 impacts regulation of DNA
methylation inmESCs, several independentmESC clones
were generated from either wild-type or p53 knockout
(p53−/−) mice (Materials and Methods) and maintained
in naïve ground-state conditions (2i + LIF). One prominent
feature of the ground state is global DNA hypomethyla-
tion as a result of high activity of TET enzymes (Hackett
et al. 2013) and/or restricted activity of DNMTs. Remark-
ably, elevated expression of Dnmt3a and Dnmt3b RNA
(Fig. 1A, NT) and protein (Supplemental Fig. S1A, NT)
relative to wild-type mESCs was observed in the ground
state in p53−/− mESCs. Upon induced differentiation (4-
d treatment with retinoic acid [RA]), Dnmt3b expression
dropped markedly in wild-type mESCs, yet both Dnmt3a
and Dnmt3b mRNA remained elevated in the p53−/−

mESCs (Fig. 1A, RA). These observations suggest that
p53 either directly or indirectly restricts the expression
of de novo DNMTs in both “naïve” and differentiating
mESCs. Notably, published p53 ChIP-seq (chromatin
immunoprecipitation [ChIP] combined with high-
throughput sequencing) data (Li et al. 2012) indicate the
presence of p53-binding sites (p53BSs) in proximity to
the transcription start sites (TSSs) of all Dnmt genes, in
genomic regions decorated by the enhancer marks
H3K4me1 and H3K27ac (Supplemental Fig. S1C). Indeed,
we could confirm p53 binding to these regions both in the
ground state and following RA treatment (Fig. 1B).

Tet1 and Tet2, but not Tet3, are highly expressed in
mESCs (Ficz et al. 2011). Remarkably, ground-state levels
of Tet1 and Tet2 mRNA were significantly reduced in
p53−/− mESCs (Fig. 1C, NT), implicating p53 as a putative
positive regulator of both Tet genes in “naïve”mESCs. In
contrast, while Tet1 and Tet2 expression decreased ro-
bustly in RA-treated wild-type mESCs, this decrease was
partly (Tet1) or entirely (Tet2) compromised in p53−/−

cells, which now expressed more Tet1 and Tet2 mRNA
than their wild-type counterparts (Fig. 1C, RA; Supple-
mental Fig. S1B). To further corroborate these findings,
we performed a comparative analysis of the commonly
studied mESC line J1 and three independent clones de-
rived from J1 cells by CRISPR/Cas9-mediated p53 knock-
out (J1p53−/−); confirmation of knockout is shown in
Supplemental Figure S1, D (Western) and E (FACS). Nota-
bly, compared with their parental J1 cells, the p53−/−

clones displayed elevated Dnmt3a and Dnmt3b RNA
in both naïve and RA-treated conditions (Supplemental
Fig. S1F), consistent with the pattern observed in mESCs
derived from wild-type and p53−/− mice. Likewise, the
behavior ofTet1 and Tet2 in the CRISPR-generated clones
also closely resembled that of the mESCs derived from
p53−/−mice (Supplemental Fig. S1G). In sum, p53 restricts
the expression ofDnmt3a,b in both naïve and RA-treated
mESCs while regulating Tet1 and Tet2 positively in naïve
mESCs but becomes a negative regulator of Tet1 and Tet2
upon RA treatment.
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ChIP-seq data (Li et al. 2012) indicated that p53 binds
upstream of the TSS of Tet1 and also weakly upstream
of the TSS of Tet2 (Supplemental Fig. S1C) in mESCs;
moreover, the upstream p53BS of Tet1 coincides with a
major H3K27ac peak in a region also decorated with
H3K4me1, suggestive of a putative p53-regulated enhanc-
er. Indeed, ChIP analysis confirmed p53 binding to the up-
stream regions of both genes in mESCs, albeit weaker in
Tet2 (Fig. 1D). To test whether these regions can confer
p53-dependent transcriptional regulation, they were
cloned into a luciferase reporter plasmid harboring a min-
imal promoter. As shown in Supplemental Figure S1H,
both regions displayed enhancer activity in wild-type
mESCs, which was attenuated in p53−/− mESCs. Togeth-
er, the above results suggested that loss of p53 function
might lead to perturbation of the normal methylation/
demethylation balance in mESCs.

p53 is needed to maintain DNA hypomethylation
in the ground state

Decreased expression of Tets and increased expression of
Dnmts are expected to drive aberrant DNA hypermethy-
lation in naïve p53−/− mESCs. We therefore used reduced
representation bisulfite sequencing (RRBS) to compare
DNA methylation in wild-type and p53−/− mESCs. For
all informative CpGs (as defined in the Materials and
Methods), we calculated the difference in the average per-
centage of methylation between three p53−/− clones com-
bined together and three wild-type clones combined
together. As seen in Figure 2A, p53−/− mESCs exhibited
elevated ground-state methylation relative to wild-type
mESCs (Fig. 2A, quadrants i and ii; Supplemental Fig.
S2A). RA induced a substantial increase in global DNA
methylation in both wild-type and p53−/− mESCs (Sup-
plemental Fig. S2B,C, respectively). Although methyla-
tion remained mostly higher in RA-treated p53−/− ESCs
than in wild-type mESCs (Fig. 2A, quadrants ii and iv;

Supplemental Fig. S2D), a substantial number of CpGs
that were hypermethylated in naïve p53−/− mESCs
became hypomethylated relative to wild-type mESCs
(Fig. 2A, quadrant i). Supplemental Table 1 lists genes as-
sociated with stem cell maintenance or differentiation
that are hypermethylated in p53−/− ESCs relative to
wild-type mESCs in either naïve-state (nontreated) or
RA-treated cells.
Of note, cumulative DNA methylation profiling of all

informative CpGs indicated that while all naïve wild-
type mESC clones appeared to behave quite uniformly,
the p53−/− clones displayed greater interclonal heteroge-
neity (NT in Supplemental Fig. S2E,F, respectively).
Thus, although all p53 knockout clones displayed elevat-
ed methylation at the naïve state, the extent of hyperme-
thylation varied among clones (Fig. 2B, top panel). A
similar differential trend, albeit less heterogeneous, was
observed also upon RA treatment (Fig. 2B, bottom panel).
In sum, proper maintenance of DNA methylation in
mESCs in the ground state as well as upon induced differ-
entiation is perturbed in the absence of p53.

Hydroxymethylation is deregulated in p53−/− mESCs

In hESCs, DNA methylation stability is maintained pri-
marily through dynamic repetitive cycles of methyla-
tion–demethylation rather than replication-dependent
“persistent” memory (Shipony et al. 2014). Hydroxyme-
thylation (5hmC) promotes demethylation by oxidation
of the methyl group of 5mC. The fact that naïve p53−/−

mESCs underexpress TETs (Fig. 1C) while up-regulating
Dnmt3a and Dnmt3b (Fig. 1A) suggested that the ob-
served increase in their DNA methylation might be due
to an imbalance betweenmethylation and demethylation.
Standard DNA methylation analysis by bisulfite con-
version does not distinguish between 5mC and 5hmC
(Huang et al. 2010). Therefore, the DNA samples used
for the RRBS analysis in Figure 2A were next subjected

Figure 1. p53 regulates the DNAmethyla-
tion machinery in mESCs. (A) mESC clones
derived from either wild-type (WT) or p53−/
− mice (three and four independent clones,
respectively) were cultured in 2i + LIF (non-
treated [NT]) or treated for 4 d with 1 mM
RA. RNA was subjected to quantitative
RT–PCR (qRT–PCR) analysis of the indi-
cated genes. Values were normalized to β-
actin mRNA and averaged for each geno-
type. Error bars indicate SE from three
biological repeats. (∗) P-value < 0.05. (B)
Cells treated as in A were subjected to
ChIP with anti-p53 polyclonal antibody
(CM5) or anti-Flag antibody as a negative
control. Precipitated DNA was subjected
to qPCR analysis with primers correspond-
ing to reported p53BSs located in proximity
to the TSSs of Dnmt1, Dnmt3a, and

Dnmt3b (Supplemental Fig. S1C). p53 ChIP values are expressed as percentage of input DNA. (C ) RNA prepared as in A was subjected
to qRT–PCR analysis of Tet1 and Tet2. (∗) P-value < 0.05; (∗∗) P-value < 0.01. (D) ChIP analysis was performed exactly as in B but with
qPCR primers corresponding to reported p53BSs located upstream of the Tet1 and Tet2 genes (Supplemental Fig. S1C).
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to oxidative RRBS (OX-RRBS) (Booth et al. 2012), which
captures only 5mC (scheme in Supplemental Fig. S2G).
In agreement with the global methylation data in Figure
2A, the OX-RRBS analysis (Supplemental Fig. S2H) also
showed that CpGs with a high average percentage of
5mC were more abundant in the p53−/− mESCs than in
the wild-type mESCs both in the ground state and upon
RA treatment. This supports the notion that the global
DNA methylation (5mC + 5hmC) differences between
p53−/− and wild-type mESCs are largely due to 5mC.

Next, to compare relative 5hmC levels, DNA regions
covered in sufficient depth in both the RRBS and OX-
RRBS libraries were binned into three groups according
to the increase in their percentage of methylation in
p53−/− mESCs relative to wild-type mESCs. On the as-
sumption that the difference between the RRBS value
and the OX-RRBS value represents 5hmC, we then calcu-
lated for each group the average fraction of 5hmCout of its
total methylation (5mC + 5hmC, deduced fromRRBS). In-

deed, the impact of 5hmC was attenuated in naïve p53−/−

mESCs, particularly in relatively highly methylated re-
gions (Fig. 2C, middle and right panels), supporting the
hypothesis that compromised hydroxymethylation con-
tributes to the accumulation of excessive 5mC in the
DNA of these cells. Upon RA treatment, in agreement
with the prominent decrease in Tet expression (Fig. 1C),
the contribution of 5hmC to total methylation was mark-
edly attenuated (Fig. 2D).

The above global observations were next validated for a
number of representative DNA regions by hMeDIP
(hydroxymethylated DNA immunoprecipitation), which
directly assesses DNA hydroxymethylation (Supplemen-
tal Fig. S2I). Finally, comparative analysis of DNA from
threewild-type and three p53−/− clones using a 5hmC-spe-
cific antibody in an ELISA confirmed that p53−/− mESCs
possess markedly reduced 5hmC levels in the naïve state
while failing to down-regulate their 5hmC effectively in
response to RA (Fig. 2E). Thus, p53 maintains DNA

Figure 2. p53 regulates the DNA methyla-
tion–hydroxymethylation balance in
ground-state and RA-treated mESCs. (A)
Heat map representation of the DNAmeth-
ylation differences between p53−/− and
wild-type (WT) mESCs in the ground state
(nontreated [NT]; Y-axis) and in response
to RA (X-axis). Each dot represents a single
CpG with the indicated differences in per-
centage of methylation between the listed
cell types and conditions. (B) Quantification
of the mean change in DNAmethylation in
four independent p53−/− mESC clones rela-
tive to wild-type mESCs in the ground state
(top panel) and upon RA treatment (bottom
panel). For each CpG, themethylation value
averaged for all three wild-type clones was
subtracted from the methylation value of
the same CpG in each individual p53−/−

clone. Red and blue represent the second
and third quartiles, respectively. (C ) Esti-
mated relative proportion of 5hmCout of to-
tal DNAmethylation in the ground state for
highly covered RRBS and oxidative RRBS
(OX-RRBS) reads. Reads were binned ac-
cording to the difference in their percentage
methylation between p53−/− (average of four
clones) and wild-type (average of three
clones) mESCs. Values were obtained by
subtracting OX-RRBS values from RRBS
values for the same reads. Corresponding
relative 5hmC levels are shown as fraction
of total methylation. (D) Estimated relative
proportion of 5hmC out of total DNAmeth-
ylation following RA treatment, calculated
for highly coveredRRBS andOX-RRBS reads
as in C. (E) DNA from wild-type and p53−/−

mESCswithout and with RA treatment was
subjected to ELISA with a 5hmC-specific
antibody. Results are averaged from four
p53−/− clones and three wild-type clones.
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methylation homeostasis in mESCs by regulating the ex-
pression of Dnmts and Tets in both naïve and differentiat-
ing states.

DNA methylation patterns differ between wild-type
and p53−/− mESCs

Restricted DNA methylation serves to maintain ESCs in
an undifferentiated state. Interestingly, previous studies
showed that elevated DNA methylation correlates with
cellular heterogeneity (Singer et al. 2014). We therefore
asked whether individual cells within the wild-type and
p53−/− ESC populations differ in their extent of DNA
methylation. To that end we labeled the cells with a
5mC antibody followed by flow cytometry analysis; this
method successfully detected the reduced methylation
in Dnmt3a and Dnmt3b double-knockout mESCs and
Dnmt1, Dnmt3a, and Dnmt3b triple-knockout mESCs
(Supplemental Fig. S3A). In agreement with our observa-
tions for mESCs from p53 knockout mice (Fig. 2A), the
three p53−/− clones derived from J1 cells by genome edit-
ing also displayed a substantial increase in overall 5mC
content relative to control J1-derived wild-type clones
(Fig. 3A). Importantly, in all p53-deleted clones, the distri-

bution of 5mC levels among individual cells within the
population was significantly greater than in their wild-
type controls, as indicated by standard deviation analysis
(Robust coefficient of variation) (Fig. 3B). This suggests
that loss of p53 in mESCs promotes greater cell-to-cell
heterogeneity in overall DNA methylation. Moreover,
p53−/− mouse embryos displayed significantly elevated
5mC cell-to-cell heterogeneity relative to wild-type em-
bryos (Fig. 3C), confirming that our observation also ap-
plies in vivo.
To further investigate the relationship between p53 and

DNA methylation heterogeneity, we turned again to the
DNA methylation sequencing data analyzed in Figure 2.
Specifically, we quantified the levels and patterns of
DNA methylation of individual sequencing reads from
the RRBS libraries, comparing wild-type and p53−/−

mESCs. RRBSDNA segmentswere defined as fully unme-
thylated, fully methylated, low methylated (>50%), or
high methylated (>50%). Reads were then clustered
according to their pattern of distribution between these
methylation level bins and their behavior in wild-type
mESCs relative to p53−/− mESCs; the results are shown
in Figure 3D. As expected, in the naïve state, many
DNA regions were completely unmethylated in both

Figure 3. p53 loss increases DNA methylation
heterogeneity. (A) Histogramoverlays of the distri-
bution of 5mC levels in three J1 mESC control
clones (WT-J1) and three p53 knockout clones de-
rived from J1 cells by CRISPR/Cas9 gene editing.
5mC levels were determined by staining with an-
tibody against 5mC followed by FACS analysis.
(B) Relative distribution of 5mC values in the
three individual clones of each genotype as repre-
sented by robust coefficient of variation, calculat-
ed from the data in A. Robust coefficient of
variation was calculated using the FloJo software.
(C ) Wild-type (WT) and p53−/− embryonic day
11.5 (E11.5) embryos (littermates from two crosses
between p53+/− heterozygous mice) were dissoci-
ated into single cells. Cell suspensions were
stained with antibody against 5mC and analyzed
by FACS as in A. Each circle/square indicates an
individual embryo. The robust coefficient fold
change after normalizing 5mC intensity to the
mean of the wild-type embryos in each litter is
plotted. (D) Clustering analysis of DNA segments
covered by at least 20 reads, clustered by average
methylation levels in ground-state mESCs. Col-
umns represent no methylation (un), 100% meth-
ylation (full), partially methylated below 50%
(low), and partially methylated above 50% (high).
Each row represents a distinct RRBS DNA
segment.
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genotypes (Fig. 3D, cluster 1, columns A and B). Impor-
tantly, individual DNA segments displaying a relatively
uniform prevalent methylation pattern in wild-type
mESCs (e.g., completely unmethylated) (Fig. 3D, cluster
3) acquired a more heterogeneous pattern upon loss of
p53, reflected by a broader distribution between methyla-
tion level bins (see also Fig. 3D, clusters 5, 7, and 8). Fur-
thermore, some of the regions displaying increased
heterogeneity in p53−/− cells tended to overlap with re-
gions that normally become extensively methylated
upon exposure of wild-type mESCs to RA (e.g., Fig. 3D,
clusters 7,8; Supplemental Fig. S3B). Together, our obser-
vations imply that lack of p53 permits the propagation of
heterogeneous excessive DNA methylation in naïve
mESCs.

The absence of p53 interferes with the ability of mESCs
to maintain the naïve state and undergo proper
differentiation

To investigate whether the elevated epigenetic heteroge-
neity in p53−/− mESCs affects their transcriptional
landscape, we performed RNA sequencing (RNA-seq)
analysis on two representative wild-type clones and all
four p53 knockout mouse-derived mESC clones in the
ground state and following 4 d of RA treatment. Approxi-
mately 600 genes were significantly differentially ex-
pressed (fold difference >2; q-value <0.05) between wild-
type and p53−/− mESCs in the ground state (nontreated),
and this increased to ∼1700 genes upon RA treatment.
Genes expressed more abundantly in naïve wild-type
mESCs (Supplemental Table 2) were enriched for apopto-
sis and cell proliferation (Supplemental Fig. S4A), process-
es impacted by p53. However, this group was also
enriched for genes involved in negative regulation of cell
differentiation, supporting the notion that p53 plays a
role in maintaining ESCs in the naïve state. In agreement,
genes expressed more abundantly in p53−/− nontreated
mESCs (Supplemental Table 2) were enriched for genes
positively associated with cell differentiation, suggesting
a failure to keep those genes tightly repressed in the naïve
state. Following RA treatment, differentiating wild-type
mESCs became enriched for pathways such as glutathione
metabolism and hedgehog signaling (Supplemental Table
3; Supplemental Fig. S4B, cluster 14), which are important
for proper ESC differentiation (Maye et al. 2004; Yanes
et al. 2010). Analysis of all significant differentially ex-
pressed genes identified numerous clusters with distinct
expression patterns (Supplemental Fig. S4B). Gene set en-
richment analysis (GSEA) indicated that naïve wild-type
mESCs are enriched for a “stemness” gene expression pro-
file (Fig. 4A, left). Interestingly, a similar group of genes
was enriched in p53−/− mESCs upon RA treatment (Fig.
4A, right), while such genes are normally repressed by
RA in wild-type mESCs. Validation of a subset of those
genes by quantitative RT–PCR (qRT–PCR) is shown in
Supplemental Figure S4C. Conversely, Prdm14, previous-
ly reported to repress the DNA methylation machinery
(Grabole et al. 2013), was down-regulated in p53−/−

mESCs relative to wild-type mESCs (Supplemental Fig.

S4D); this might contribute to the increased expression
of Dnmt genes in p53-null mESCs.

We speculated that the aberrant gene expression pattern
observed in p53−/−mESCsmight result from the existence
of a heterogeneous population in which some of the cells
fail tomaintain a precise pluripotency transcriptional pro-
gram in the ground state and fail to completely shut off
this program upon differentiation cues. Thus, we per-
formed single-cell mass flow cytometry analysis (CyTOF)
and compared the levels of 16 protein markers (PMs) in J1
cells and two p53-deleted derivatives thereof in the naïve
state and following RA treatment. The data were visual-
ized with the aid of spanning tree progression analysis of
density normalized events (SPADE) (Qiu et al. 2011),
which extracts cellular hierarchy by comparing the ratio
of PMs in eachwild-type and p53−/− cell. As seen in Figure
4B, distinct nodes aremore strongly represented in each of
the genotypes in the naïve state (left panel) and following
RA treatment (right panel, the color representation indi-
cates the relative intensity of staining with each of the
pertinent antibodies in the wild type vs. p53−/− clones).

This analysis indicates that wild-type and p53−/−

mESCs harbor different heterogeneous populations. Ex-
amples of some of the PMs responsible for this heteroge-
neity are presented in Figure 4C. Of note, PAX6, OTX2,
and Brachyury—transcription factors that contribute to
ESC differentiation (Tsankov et al. 2015)—are visibly ex-
pressed in a portion of nontreated naïve p53−/− mESCs.
On the other hand, following a differentiation cue, a bigger
portion of p53−/−mESCs still retains expression of the plu-
ripotency marker OCT4 while failing to up-regulate the
differentiation factor FOXA2 in a manner similar to the
wild-type cells. Essentially similar results were obtained
with mESC clones derived from wild-type and p53−/−

mice both nontreated (Supplemental Fig. S5) and RA-
treated (Supplemental Fig. S6). Together, these single-
cell analysis results confirm that the absence of p53 in-
deed promotes cellular heterogeneity in both the naïve
and RA-treated states, affecting the regulation of pluripo-
tency and differentiation-associated proteins.

The absence of p53 increases mESC intraclonal
heterogeneity

Population heterogeneity is markedly reduced in the na-
ïve state, associated with an overall largely hypomethy-
lated genome (Singer et al. 2014). Our results thus far
suggested that for these processes to properly take place,
mESCs rely in part on p53. We therefore examined the
phenotypic manifestations of p53 deficiency.

Colonies of wild-type and p53−/− mESCs in the ground
state were morphologically indistinguishable. However, a
clear difference emerged when we monitored alkaline
phosphatase (AP) activity, a biomarker of undifferentiated
stem cells and an indicator of cellular “stemness” (Rho
et al. 2006). Ground-statewild-type colonies displayed rel-
atively little colony-to-colony variability in AP staining
intensity (Fig. 5A [top], B [NT]). In contrast, although the
median AP staining intensity was similar between the ge-
notypes, p53−/− mESCs displayed a broader intercolony
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distribution (Fig. 5B, NT). Thus, the absence of p53 ren-
ders the ESC population more phenotypically heteroge-
neous. Induction of differentiation reduces AP activity
(Palmqvist et al. 2005), as was readily apparent in wild-
type mESCs (Fig. 5A, RAd2). Notably, also under those
conditions, the distribution of AP intensities remained
broader in the p53−/− mESCs (Fig. 5A [bottom], B [RA]).
Hence, consistent with the gene expression analysis,
these observations suggest that, under naïve conditions,
a portion of p53−/− mESCs may exist in an aberrant state
characterized by reduced “stemness,” while, in response
to differentiation cues, some of the p53−/− mESCs may
fail to turn off the pluripotency program effectively.
To explore this possibility more closely, we immunos-

tained wild-type and p53−/− mESCs for the pluripotency
protein OCT4 and the ectoderm protein FGF5 (Radzish-
euskaya et al. 2013). Remarkably, while nontreated
wild-type mESCs hardly stained for FGF5, a significant
portion of p53−/−mESCs stained visibly (Fig. 5C); staining
was heterogeneous within individual colonies, with only
some of the cells being positive. Thus, in ground-state
conditions, p53-deficient mESCs fail to maintain homo-

geneity, and some cells within the colony seem to sponta-
neously undergo differentiation. Likewise, whereas all
wild-type mESCs turned off OCT4 expression efficiently
upon RA treatment, some p53−/− colonies retained sub-
stantial OCT4 expression (Fig. 5C). Specifically, while
for both FGF5 and OCT4 the median staining intensity
was comparable in RA-treated wild-type and p53−/−

mESCs, the p53-deficient cultures displayedmuch greater
colony-to-colony and cell-to-cell variability (Fig. 5C,D).
Together, these observations suggest that only a subset
of p53−/−mESCs responds properly to differentiation cues.

p53 depletion increases the extent and heterogeneity of
DNA methylation in hESCs

To determine whether the effects of p53 on the overall ex-
tent and cell-to-cell heterogeneity of DNA methylation
are conserved in human cells, we used shRNA to stably
deplete p53 expression in hESCs. These sh-p53 cells as
well as their p53-proficient controls were then subjected
to 5mC analysis by flow cytometry, essentially as done
for mESCs in Figure 3A. As shown in Figure 6A, p53

Figure 4. p53 loss promotes mESC popula-
tion heterogeneity. (A) GSEA of RNA-seq
data from two wild-type (WT) and three
p53−/− mESC clones nontreated (NT) or ex-
posed to RA. While nontreated wild-type
mESCs showed enrichment for data set
RAMALHO_ STEMNESS_UP (false discov-
ery rate [FDR] <0.01), p53−/− mESCs showed
enrichment for a similar data set (WON-
G_EMBRYONIC_STEM_CELL_CORE; FDR
<0.01) following RA treatment. (B) Spanning
tree progression analysis of density normal-
ized events (SPADE) of combined nontreated
and RA-treated wild-type and p53−/− mESCs
following integration of 16 protein markers
from CyTOF analysis. The color scheme in
SPADE nodes represents relative enrichment
for the p53−/− to wild-type subpopulation ra-
tio. (C ) Histogram overlays of the indicated
transcription factors as deduced from the
SPADE analysis of a control J1 clone (WT)
and J1-derived clones depleted of p53 by
CRISPR–Cas9 genome editing. The bar plot
depicts the level of the 75% percentile in
the indicated clone.
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depletion increased overall 5mC levels also in hESCs.
Moreover, the extent of variability among individual cells
also significantly increased (Fig. 6B). Of note, while ex-
pression of DNMTs in hESCswas not significantly altered
by p53 knockdown, we observed a prominent decrease
in TET2 mRNA and a milder decrease in TET1 mRNA
(Fig. 6C). Thus, in both hESCs and mESCs, depletion of
p53 augments the extent of DNA methylation and its
heterogeneity within the cell population, likely as a con-
sequence of an imbalance in the methylation–demethyla-
tion machinery.

Discussion

In the present study, we report that p53-deficient mESCs
fail to maintain proper DNA hypomethylation in naïve
ground-state conditions, and a similar phenomenon is ob-
served also in hESCs. This appears to be largely due to the
fact that p53 is responsible for keeping Dnmt3a and
Dnmt3b levels relatively low in naïve mESCs while sup-
porting Tet1 and Tet2 expression. Consequently, p53
loss results in aberrantly augmented expression of Dnmts
and compromised Tet1 and Tet2 expression. The imbal-
ance in the DNA methylation machinery in p53−/−

mESCs leads to not only overall elevated DNA methyla-
tion but also locally deregulated methylation setting and

greater cell-to-cell heterogeneity in methylation patterns.
Conversely, upon exposure to differentiation signals,
p53 turns from a positive regulator of Tet genes into a neg-
ative regulator of Tet genes. Consequently, p53−/− mESCs
fail to shut off Tet expression effectively and re-establish
appropriate stable DNA methylation. These molecular
defects may account for the increased phenotypic hetero-
geneity of p53−/− mESCs as well as their compromised
ability to turn off pluripotency genes efficiently and
turn on lineage-specific genes in response to differentia-
tion cues.

The observations described here relate to the role of p53
in naïve ESCs. We have not determined experimentally to
what extent they apply also to ESCs grown under standard
conditions; however, given that the impact of p53 loss on
overall DNA methylation is attenuated upon RA treat-
ment (Supplemental Fig. S2, cf. A and D), we expect that
it may also become less pronounced in regular culture
conditions as compared with naïve conditions. p53 is
broadly known as “guardian of the genome” (Lane
1992), a concept developed largely through analysis of
somatic cells. As such, p53 contributes to the mainte-
nance of genomic stability both under basal conditions
and in response to various genotoxic stresses. Likewise,
in ESCs, p53 not only ensures genomic integrity after gen-
otoxic insults but also controls their proliferation and dif-
ferentiation (Krizhanovsky and Lowe 2009).We now show

Figure 5. p53 regulates ESC clonal phenotyp-
ic heterogeneity. (A) AP activity staining of
wild-type (WT) and p53−/− mESCs cultured in
2i + LIF or treated for 2 d with 1 mM RA.
ESCs from both genotypes were seeded in 96-
well tissue culture plates (200 cells per well, a
total of 18 wells per each clone). AP activity
was measured as described in the Materials
and Methods. (B) ESCs from both genotypes
were seeded in 96-well tissue culture plates
(200 cells per well, a total of 18 wells per each
clone). AP activity was measured as in A. The
quantification of themeanAP staining intensi-
ty per colony and the standard deviation are
shown. For each genotype, values were aver-
aged fromall correspondingwells, representing
two clones from each genotype. (C ) Immunos-
taining of wild-type and p53−/− mESCs
cultured on gelatin-coated coverslips either in
2i + LIF (nontreated [NT]) or following 2 d of
RA treatment. Cells were stained for OCT4
and FGF5; DAPI was used to visualize nuclei.
(D) Corrected FGF5\OCT4 fluorescence inten-
sity, calculated by subtracting the background
from the FGF5\OCT4 signal and dividing by
colony area. The graph represents averaged val-
ues from ∼40 colonies for two wild-type and
two p53−/− mESC clones.
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that, by controlling theDNAmethylation/demethylation
balance, p53 also plays an important role in ESCs as
“guardian of the epigenome.”The disorderedmethylation
pattern in p53−/−mESCs is probably largely due to a global
gain of methylation owing to the distorted Dnmt/Tet bal-
ance. However, the deregulated expression of particular
p53-activated and p53-repressed genes in those cells may
also contribute to the observed changes in DNAmethyla-
tion patterning.
Based on its better p53 binding (Fig. 1D) and perfor-

mance in luciferase reporter assays (Supplemental Fig.
S1H), Tet1 appears to be a stronger p53 target in naïve
mESCs than Tet2, which is in line with published ChIP-
seq data (Li et al. 2012). In regard to the mechanism of
Dnmt3a and Dnmt3b repression, it has been concluded
recently that p53-driven transcriptional repression is not
mediated by direct binding (Fischer et al. 2014), calling
into question the functional significance of the relatively
weak p53-binding signal obtained in Figure 1B. Indeed, the
corresponding genomic regions do not contain easily rec-
ognizable p53-binding motifs, suggesting that p53 may be
recruited to those regions indirectly through association
with other DNA-binding proteins. Repression of DNMTs
by p53 has already been reported (Jinawath et al. 2005;
McCabe et al. 2005; Lin et al. 2010; Tang et al. 2012; Ma
et al. 2015) and was partly ascribed to the ability of p53
to quench E2F transcriptional activity (Kimura et al.
2003; Polager and Ginsberg 2009; Tang et al. 2012). Fur-
thermore, p53 transcriptionally induces miR-29, which
targets all three DNMT transcripts (Yan et al. 2015).
Knockout of Dnmt3a and Dnmt3b in ESCs results in

massive hypomethylation (Chen et al. 2003), supporting

the notion that up-regulation of these enzymes by the ab-
sence of p53may contribute to the global increase in 5mC
in p53−/− mESCs. We now show that the involvement of
p53 in the regulation of ESC DNA methylation extends
beyondDNMTs, encompassing also direct transcriptional
regulation of the demethylation machinery.
The dynamic equilibrium between DNA methylation

and demethylation is important for maintaining the clon-
al homogeneity of ESCs (Shipony et al. 2014). In contrast,
somatic cells that have much lower Tet levels and hence
cannot rapidly demethylate their DNA tend to acquire
“epimutations” and maintain them stably, leading to a
gradual increase in interclonal heterogeneity (Shipony
et al. 2014). Our findings suggest that, by maintaining
high Tet expression, p53 helps to sustain a dynamic
DNAmethylation/demethylation balance in bothmESCs
and hESCs. Loss of p53 tilts the equilibrium andmarkedly
skews the genomic deposition of 5hmC, resulting in in-
creased heterogeneity as well as a reduced ability tomain-
tain stable expression of pluripotency genes.
Notably, ablation of p53 greatly facilitates the repro-

gramming of differentiated somatic cells into ESC-like
iPSCs, indicating that p53 serves as an effective barrier
against loss of differentiated features (Krizhanovsky and
Lowe 2009). The reprogramming process entails erasure
of differentiation-associated DNA methylation in order
to enable re-expression of pluripotency genes. Interesting-
ly, we found that, in cells exposed to differentiation sig-
nals, p53 actually seems to contribute to the shutoff of
Tet1 and Tet2, suggesting that the change in signaling
contextmight convert p53 from an activator to a repressor
of those genes. The underlying mechanism remains

Figure 6. Depletion of p53 increases DNA
methylation level and heterogeneity in
hESCs. (A) Histogramoverlays of 5mC levels
in three replicates of hESCs stably express-
ing either control shRNA (sh-control) or
p53 shRNA (sh-p53). (B) Relative distribu-
tion of 5mC values in sh-Control and sh-
p53 hESCs, as represented by robust coeffi-
cient of variation, based on the data inA. Ro-
bust coefficient of variation was calculated
using the FloJo software. (C ) RNA prepared
from sh-Control and sh-p53 hESCs was sub-
jected to qRT–PCR analysis of the indicated
genes.
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unknown; one possibility is that while p53 binds its cog-
nate target sequences in Tet1 and Tet2 regardless of differ-
entiation state, it recruits different chromatinmodifiers in
each condition, leading to either active or repressive chro-
matin (Espinosa and Emerson 2001). The repressive effect
is maintained also in differentiated cells, as p53−/− mouse
embryonic fibroblasts (MEFs) express more Tet1 mRNA
than their wild-type counterparts (data not shown). It is
thus plausible that the enhancing effect of p53 depletion
on iPSC reprogramming may be partly due to the in-
creased Tet activity in p53-depleted differentiated cells,
facilitating reversal of their otherwise stable DNA meth-
ylation. As shown here, down-regulation of p53 augments
the extent and heterogeneity of DNAmethylation also in
hESCs, perhaps by restricting TET expression. The failure
to observe an effect on DNMT expression might be due to
the fact that the hESCswere notmaintained in truly naïve
conditions, although we cannot rule out species-specific
differences.

Our findings indicate that p53-deficient mESCs are
highly heterogeneous not only with respect to their meth-
ylation pattern but also phenotypically. Thus, while some
of the cells are clearly aberrant, others still retain a perfect-
ly normal methylation landscape and differentiation ca-
pacity. By extrapolation, one might predict that some
p53-null embryoswoulddevelopperfectlynormally,while
others would be aberrant to varying extents: Those carry-
ing mild methylation imbalances will be born but will
exhibit developmental defects, while those with more
severe methylation defects will probably be eliminated
early during gestation. Indeed, in addition to the well-doc-
umented exencephaly seen in a variable proportion of
p53−/− embryos (Sah et al. 1995), it is a common observa-
tion in many laboratories that, upon prolonged breeding
of p53+/− mouse colonies, p53−/− pups tend to be born at
a lower than Mendelian ratio; the extent of this effect
may vary with genetic background of the mice. Interest-
ingly, in some cancers, following treatment with drugs
that interfere with DNA methylation, p53 functions to
eliminate cells that have undergone major epigenetic al-
terations (Levine 2017). p53 may therefore drive the elim-
ination of cells that have undergone extensive epigenetic
alterations. Thus, p53 dysfunction may promote not only
genomic instability but also epigenomic instability.

In sum, we show that p53 is important for balancing
DNA methylation dynamics in ESCs, keeping the bulk
of theDNAproperly hypomethylated. In light of the grow-
ing evidence that epigenetic aberrations play critical roles
in driving cancer, it is plausible that the ability of p53 to
maintain DNA methylation balance is an important con-
tributor to its tumor suppressor capacity and that loss of
p53 may contribute to cancer initiation by increasing cel-
lular heterogeneity and epigenetic promiscuity.

Materials and methods

Isolation and culture of mESCs

129s-Trp53tm2Tyj/J p53+/− (Jackson Laboratory) heterozygous
p53+/− male and female mice were time mated. E2.5 morulas
were isolated from the uteri of female mice and allowed to attach

to irradiated MEF feeder layers in 2i medium. Subsequently, 2i
medium was changed daily. Altogether, we obtained two male
and one female wild-type mESC lines and one male and two fe-
male p53−/− mESC lines. For differentiation experiments, feeders
were depleted by 30–45 min of incubation on 0.1% gelatin fol-
lowed by gentle aspiration of purifiedmESCs. ForRA-induced dif-
ferentiation, feeder-depleted cells were seeded on gelatin and
transferred to differentiation medium containing 1 µM RA. RA
was replenished daily for 4 d. All mouse procedures were per-
formed under the approval of the Institutional Animal Care and
Use Committee (IACUC; no. 01280213-5).

Culture media

2i medium consisted of DMEM containing 7.5% knockout
serum replacement, 4 mM glutamax, 1× nonessential amino ac-
ids, 1 mM pyruvate, antibiotics, 0.1 mM 2-β-mercaptoethanol
(2-B-ME), 1000 U/mL LIF, 5 mg/mL insulin (Sigma), 1 µM
PD0325901 (Stemgent), and 3 µM CHIR99021 (Stemgent).
Differentiation medium consisted of DMEM containing 10%

FBS, 2 mM glutamine, 1× nonessential amino acids, antibiotics,
0.1mM2-B-ME. For hESCs, H9 (Wicell, WA09) were cultured un-
der feeder-free conditions in mTESR1 medium (Stem Cell Tech-
nologies) on hESC-qualified Matrigel (Corning).

Genome editing by CRISPR/Cas9

Deletion of p53 by CRISPR/Cas9 was done as described (Gundry
et al. 2016). Single-guide RNA (sgRNA) was in vitro transcribed
with the primers listed below using T7 polymerase IVT (New En-
gland Biolabs), purified, andmixed with 1 µg of CAS9 (IDT) for 10
min. mESCs were prepared and electroporated according to the
Neon Transfection System guidelines (ThermoFisher Scientific).

Isolation of total RNA and real-time qPCR

Total RNAwas isolated using themiRNeasymini kit (Qiagen). A
1-µg aliquot of the total RNA was reverse-transcribed using
Moloney murine leukemia virus reverse transcriptase enzyme
(Promega) and random hexamer primers (Amersham). Real-time
qPCRwas performed using SYBRGreenmastermix (Applied Bio-
systems) on a Step One instrument (Applied Biosystems). Primer
sequences are detailed below. All values were normalized to β-ac-
tin in the same sample and represent the average and standard er-
ror of three independent clones of wild-type and four p53−/−

clones unless otherwise stated.

Preparation of RNA-seq libraries

RNAfromC30andC35wild-typeclonesandfromallp53−/−clones
was isolated and subjected to high-throughput RNA-seq. Total
RNA was processed using the TruSeq RNA sample preparation
kitversion2protocol (Illumina).LibrarieswereevaluatedbyQubit
and Bioanalyzer. Sequencing libraries were constructed with
barcodes to allowmultiplexingof 12 samplesonone lane. >50mil-
lion single-end 50-base-pair (bp) reads were sequenced per sample
on an Illumina HiSeq 2000 instrument. Fragments were mapped
to the genome (mm9) using TopHat version 2.0.5 (Trapnell et al.
2009). Differential expression between wild-type and p53−/−

clones (fold ≥2) was analyzed by CuffDiff (q-value ≤0.01) (Trap-
nell et al. 2009).

Estimation of expression methylation correlation

For differentially expressed genes as described above, their pro-
moter was analyzed only for regions with a minimal total
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coverage of 10. Promoter methylation levels were calculated by
summing the methylated calls of all single CpGs in the promoter
and dividing by the sum of their coverage.

ChIP

Feeders were depleted by 40 min of incubation on 0.1% gelatin
followed by gentle aspiration of purified mESCs. Cells (1 × 107)
were then fixed in 1.1% formaldehyde for 12 min at room tem-
perature followed by quenching with 0.125 M glycine. Nuclei
were isolated, and DNA was sheared by sonication to frag-
ments of ∼300 bp. Chromatin was precipitated using the NCL
p53-CM5 anti-p53 antibody (Biosystems) or anti-Flag antibody
(Sigma). After reversal of cross-links, precipitated DNAwas sub-
jected to qPCR analysis using gene-specific primer pairs (see
below).

Protein lysates and Western blot analysis

Cell pelletswere lysed usingNP-40 lysis buffer (150mMNaCl, 50
mMTris at pH 8.0, 1%NP-40 supplementedwith phosphatase in-
hibitor cocktails 2 and 3 [Sigma] and protease inhibitor mix
[Sigma]). Pellets were vigorously vortexed and incubated for 30
min at 4°C while rotating. Lysates were then quantified using
the BCA kit (Thermo Scientific) according to the manufacturer’s
protocol. Protein sample buffer (3% SDS, 5% β-mercaptoethanol,
10%glycerol, 62mMTris at pH 8.0) was added, and sampleswere
loaded on SDS–polyacrylamide gels for electrophoresis. Proteins
were transferred to nitrocellulose membranes, blocked with 3%
milk in TBST (0.05% Tween-20 in TBS), and incubated with pri-
mary antibodies as follows: anti-GAPDH (Millipore), anti-p53
(Biosystems), anti-Dnmt1 (Abnova), anti-Dnmt3a (Abcam), anti
Dnmt3b (Abcam), anti TET2 (Abcam), and anti TET1 (GeneTex).
Membranes were washed with TBST and incubated with horse-
radish peroxidase (HRP)-conjugated anti-IgG antibodies. Proteins
were visualized using the Enhanced Chemo-Luminescence (ECL)
detection kit (Amersham).

Luciferase assays

DNA containing the Tet1 and Tet2 upstream putative p53BSs
was PCR-amplified with the primers listed below and cloned
into the pGL3 promoter luciferase reporter vector (Promega).
Wild-type and p53−/− mESCs were transfected with Xfect (Clon-
tech) according to the manufacturer’s instructions. All transfec-
tions also included 70 ng of Renilla luciferase plasmid for
internal control. After 48 h, the medium was removed, and cells
were incubated for 30 min with 700 µL of passive lysis buffer
(Promega). Fifty microliters of each lysate was added to a Lucifer-
asemix [100mMTris-Ac at pH 7.8, 10mMmagnesium acetate, 1
mM EDTA, 2.2 mM ATP, 70 µM D(-)-luciferin (Roche)] and
Renilla mix (80 mM K2HPO4, 20 mM KH2PO4, 100 mM NaCl,
1mMEDTA, 2.4 µMcoelenterazine [Promega]) separately. Lumi-
nescencewas read in black 96-well plates (NUNC)with the aid of
an Infinite M200 plate reader (TECAN).

Immunofluorescence

ESCs were grown on coverslips coated with gelatin. After 48 h of
growth, cells were fixed in 4%paraformaldehyde (PFA) for 30min
at room temperature. Cells were permeabilized with 0.1%Triton
for 5 min, and slides were blocked with 5% BSA for 20 min. Sam-
ples were then incubated for 1 h with primary antibodies (OCT4
SC9081 or FGF5 FL268; Santa Cruz Biotechnology), washed, and
then incubated with secondary fluorescent antibody and DAPI (5
µg/mL final) for 40 min in the dark.

Mass cytometry measurement and analysis

Cells were harvested and processed as described previously (Mc-
Carthy et al. 2017). Cells were analyzed using a CyTOF 2 mass
cytometer (Fluidigm). Samples and EQ Four-Element Calibration
Beads (Fluidigm) were added to a 96-well deep-well plate for auto-
sampler running. Buffer was added immediately prior to injection,
and cells were resuspended at a concentration of 5 × 105 cells per
milliliter and run at 45 µL/min. Data normalization was per-
formed based on bead passport using CyTOF software (version
6.0.020, Fluidigm). Sample gatingwas performed as described pre-
viously (Qiu et al. 2011) to select live single cells. Histogram-
based visualization was performed with FlowJo (version X10.0).
SPADE was performed by running SPADE version 3.0 in Matlab
(version 9.0.0.341360, Mathworks). The antibodies used for
CyTOF are listed in Supplemental Table 4; all antibodies were
processed for CyTOF use as described in McCarthy et al. (2017).

RRBS and OX-RRBS

RRBSwas performed according to a previously published protocol
(Boyle et al. 2012). Briefly, genomic DNA was isolated using the
PureLink genomic DNA kit (Invitrogen) according to the manu-
facturer’s instructions and subjected to enzymatic digestion by
MSPI (New England Biolabs) for 16 h. Klenow polymerase (New
England Biolabs) was then added to each sample for end filling
and poly-A tailing followed by TruSeq adapter ligation (Illumina).
The librarywas then pooled and subjected to either bisulfite treat-
ment as in the RRBS protocol or to an OX-RRBS protocol using
the CEGX kit (Cambridge Epigenetix). Validation of oxidation ef-
ficiency was done with the provided DNA sequences that were
also A-tailed and adapter-ligated. The sequence data from this
study have been submitted to Gene Expression Omnibus under
accession no. GSE60209.

Estimating methylation levels

The final RRBS and OX-RRBS libraries were sequenced using
the Illumina HiSeq2500 to obtain 100-bp paired-end sequenc-
ing reads. Adapter trimming and quality filtering were performed
with trim_galore software (http://www.bioinformatics.babraham
.ac.uk/projects/trim_galore) using default parameters for RRBS
analysis. BSMAP (Xi and Li 2009) was used for read alignment (us-
ing genome build mm9) and extraction of single-base-resolution
methylation levels. Total methylation levels (5mC+ 5hmC) of
single CpGs were obtained from the RRBS data. 5mC levels
were obtained accordingly from the OX-RRBS data, and 5hmC
levels were calculated as total− 5mC levels. Only CpGs that
were covered in all biological replicates were used for the analysis
(Booth et al. 2013).

Hierarchical clustering of CpGs

Hierarchical clustering of CpGs from all samples (wild types and
p53−/− clones) was done using k-means (K = 10). Clustering was
then performed using Ward’s method with Euclidean distance. In
the presented heatmaps, theCpGs of each clusterwere ordered ac-
cording to their averagemethylation across all samples.OnlyCpGs
forwhich there existed at least two sampleswith amethylation dif-
ference of ≥30% were presented. Furthermore, we divided the
CpGs into two groups, with mean methylation ≤50% and ≥50%.

Calculation of CpG density

Genomic CpG density was calculated for 200-bp windows. We
define low density as <3%, medium density as between 3% and
5%, and high density as >5%.
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Calculation of pattern frequency

To define groups of RRBS segments over a set of libraries derived
from eachwild-type or p53−/− clone, we used reads that were cov-
ered by at least 20 segments. Methylation pattern frequency was
computed for unmethylated, fully methylated, and partially
methylated above and below 50% as described in Shipony et al.
(2014).

Genomic annotation

Genomic annotations were downloaded from the University of
California at Santa Cruz database based on version mm9. Geno-
mic elements were based on their alignment with RefSeq, and
promoters were defined as 2 kb upstream of the TSS. A genomic
feature was assigned to each tile if any portion of the tile over-
lapped with the assigned annotation. Thus, tiles could overlap
with more than one feature; for example, the same tile could be
annotated as both a promoter and a gene.

Differentially methylated regions

One-hundred-base-pair tiles and differentially methylated re-
gions were calculated with the MethylKit package (Akalin et al.
2012) using aminimum coverage of 10 per tile, a methylation dif-
ference of 30%, and a q-value of ≤0.05. Genomic annotations
were calculated using HOMER (Heinz et al. 2010).

Cluster analysis

RNA clustering was performed using the Partek Genomics suite
(Partek) with Pearson dissimilarity.

qPCR primers

The following primers were used for RNA analysis: m-p21 F′

(GGCAGACCAGCCTGACAGAT), m-p21 R′ (TGGGCACTT-
CAGGGTTTTCT), mActB F′ (GCTTCTTTGCAGCTCCTTC
GT), mActB R′ (CGTCATCCATGGCGAACTG), mTET1 F′

(GTGGTGTGTACGTTGATTCG), mTET1 R′ (TGGCAGGAC
GTGGAGTTGT), mTET2 F′ (CTATTGCTAAATGGGTATA
TCGGAGATC), mTET2 R′ (ATTAGGTCGCACTCGTACCA),
mDnmt1 F′ (CGACTGGGTGACAGTGTGTACCT), mDnmt1
R′ (GGTAGCCACTTTGATGTTGAAA), mDnmt3a F′ (CAGC
CAAGAAACCCAGAAAGA), mDnmt3a R′ (CCAGCCGCT
CCCTTGTG), mDnmt3b F′ (GAGGGCCTCAAACCCAACA),
mDnmt3b R′ (CATTGGTTGTGCGTCTTCGA), mEOMES F′

(GGCAAAGTGTTGACAAAGGG), mEOMES R′ (AAGGCT
TCCGGGACAACTAC), mBMP4 F′ (ATCAAACTAGCATGGC
TCGC), mBMP4 R′ (CGCTTCTGCAGGAACCAA), mTGFB2
F′ (AGCTGCGCTTGCAGAGATTA), mTGFB2 R′ (TACCAA
GGTAACGCCAGGAA), mNESTIN F′ (TCAGATCGCTCAGA
TCCTGG), mNESTIN R′ (TTCTCAGCCTCCAGCAGAGT),
mMDM2 F′ (TGTCTGATAGACTGTGACCCGA), mMDM2 R′

(TGAGTCTCTGGACTCGGAAGA), mESRRB F′ (TAGGGGTT
GAGCAGGACAAG), mESRRB R′ (CTACCAGGCGAGAGTG
TTCC), mGATA6 F′ (GAGCTGGTGCTACCAAGAGG), mG
ATA6 R′ (TGCAAAAGCCCATCTCTTCT), mPDGFRA F′

(AAAGGGAGGACGTTCAAGAC), mPDGFRA R′ (GTTAAA
GACGGCACAGGTCA), mNANOG F′ (AACCAAAGGATG
AAGTGCAAGCGG), mNANOG R′ (TCCAAGTTGGGTTGG
TCCAAGTCT), mOCT4 F′ (CCTGGCCTGTCTGTCACTCA),
andmOCT4R′ (GTGTCCCAGTCTTTATTTAAGAACAAAAT).
The following primers were used for the luciferase reporter

assay: mTET1 En Kpn F′ (ATTACCTTAAAAAAACCTTGGT
GGGTGGGA), mTET1 En Bgl R′ (ATAGATCTGAATCATCTT

ACTAACTAACCCT), mTET2 En Sac F′ (ATGAGCTCATTTT
GGGGAGCTGCTTAGAATCAA), and mTET2 En Bgl R′ (ATA
GATCTGAGACAGAGAGAGGGAGACAGAG).
The following primers were used for ChIP DNA analysis:

mTET1En F′ (GATGATTCCATGGGTCAAATTGA), mTET1En
R′ (TGGGTTCTGGGAATCGAACT), mTET2En F′ (AAGCTG
AATTCCGAACAAGCA), mTET2En R′ (GTGCGCACAAGCC
TTGAA), mDNMT1 F′ (ATCTTGCAGGTTGCAGACGA),
mDNMT1 R′ (GTCTTCCCCACTCTCTTGC), mDNMT3A F′

(GGAAGTGGCAGAGCAAGAGT), mDNMT3A R′ (GTAGGA
GGAGCAGCAAAGCA), mDNMT3B F′ (TGTGGACCTGTG
CTCCTAGA), and mDNMT3B R′ (GCAGAGGTGGCTTCCAT
CTT).
The following primerswere used for sgRNA: F′ (taatacgactcacta

taGGGAGCTCCTGACACTCGGAgttttagagctagaa) andR′ (taata
cgactcactataGGGAGCTCCTGACACTCGGAgttttagagctagaa).
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