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Abstract

Multiple studies show that tumor suppressor p53 is a barrier to dedifferentiation; whether this is strictly due to repression of
proliferation remains a subject of debate. Here, we show that p53 plays an active role in promoting differentiation of human
embryonic stem cells (hESCs) and opposing self-renewal by regulation of specific target genes and microRNAs. In contrast
to mouse embryonic stem cells, p53 in hESCs is maintained at low levels in the nucleus, albeit in a deacetylated, inactive
state. In response to retinoic acid, CBP/p300 acetylates p53 at lysine 373, which leads to dissociation from E3-ubiquitin
ligases HDM2 and TRIM24. Stabilized p53 binds CDKN1A to establish a G1 phase of cell cycle without activation of cell death
pathways. In parallel, p53 activates expression of miR-34a and miR-145, which in turn repress stem cell factors OCT4, KLF4,
LIN28A, and SOX2 and prevent backsliding to pluripotency. Induction of p53 levels is a key step: RNA-interference-mediated
knockdown of p53 delays differentiation, whereas depletion of negative regulators of p53 or ectopic expression of p53
yields spontaneous differentiation of hESCs, independently of retinoic acid. Ectopic expression of p53R175H, a mutated
form of p53 that does not bind DNA or regulate transcription, failed to induce differentiation. These studies underscore the
importance of a p53-regulated network in determining the human stem cell state.
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Introduction

Embryonic stem cells (ESCs) have an unlimited potential to

proliferate (self-renewal) and the ability to generate and differen-

tiate into most cell types (pluripotency) [1,2]. The undifferentiated

ESC state is regulated by a network of transcription factors, e.g.,

OCT4, SOX2, NANOG, and KLF4, and epigenetic modifiers,

which promote expression of ESC-specific genes and suppress

differentiation [3–7]. Exogenous introduction of transcription

factors such as OCT4, SOX2, NANOG, and KLF4 into murine

or human adult cells induces pluripotency by reprogramming

these cells into induced pluripotent stem cells (iPSCs), which are

functionally and phenotypically similar to ESCs [8,9].

The ability of ESCs to self-renew and maintain pluripotency is

linked to the ability of these cells to remain in a proliferative state.

ESCs progress through an abbreviated cell cycle, leading to rapid

cell division [10–12], characterized by a truncated G1 phase,

elevated expression of G1-associated cyclins, active cyclin-depen-

dent kinases (CDKs), and low levels of inhibitory cell cycle proteins

p21, p27, and p57 [13]. During differentiation to embryoid bodies,

mouse ESCs (mESCs) accumulate in G1 and exhibit a cell cycle

lengthened from 8–10 h to more than 16 h, as observed in adult

cells [14]. In the creation of iPSCs, multiple studies show more

efficient reprogramming of cells with dysfunctional ARF/p53

pathways and increased cellular proliferation, shortening of G1,

and lack of cell cycle checkpoints [15–20]. Additional studies

identified several small non-coding RNAs that play roles in cell

cycle regulation and control of ESC status [21]. MicroRNAs

(miRNAs) are small, non-coding RNAs of 21–23 nucleotides in

length that regulate gene expression, generally at a post-

transcriptional level [22]. Specific miRNAs regulate self-renewal,

pluripotency, and mESC stability [23,24], and several are

differentially expressed in human ESCs (hESCs) [25,26].

Here, we connect both regulatory arms, e.g., cell cycle

progression and transcription of miRNAs, to tumor suppressor

p53 in regulated differentiation of hESCs. Exposure of hESCs to

differentiating conditions signals an acetylation switch to stabilize

p53 protein. Activation of p53 elongates the G1 phase of the cell

cycle by p21 induction, and increases miR-34a and miR-145, which

target specific stem cell factors for repression. These functions of
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p53 are direct, as ectopically expressed p53 binds these chromatin

targets and causes spontaneous differentiation without retinoic

acid (RA) addition. The combined effects of p53 not only

antagonize self-renewal and pluripotency but also have an active

role in promoting differentiation of hESCs.

Results

p53 Protein Is Induced during Differentiation of hESCs
In vitro differentiation of hESCs (WA09 cells), induced by

addition of RA and withdrawal of fibroblast growth factor (FGF),

is marked by a steady decline in levels of proteins and RNAs

associated with pluripotency and self-renewal, e.g., NANOG,

OCT4, SOX2, and KLF4, and increased expression of endoder-

mal marker GATA4, AFP, ectodermal marker PAX6, and neural

progenitor gene Nestin (Figures 1A–1C and S1A), as previously

described [27]. In parallel, p53 protein levels increase significantly

but transiently (Figure 1B and 1C) without increased TP53

transcription (Figure 1D). In response to RA, induced p53 is

nuclearly localized in differentiating cells (Figures 1E, 1F, and

S1B), which are identifiable by the loss of homogeneity and

elongated nuclei seen in highly p53-expressing cells (Figure 1E). As

one of several examples where hESCs differ from mESCs [28,29],

p53 is expressed at low levels and nuclearly enriched in hESCs

prior to induction (Figures 1B, 1E, and S1C). Transient induction

of p53 protein levels during RA-mediated differentiation was also

observed in WA01 hESCs (Figure S1D and S1E), and in BMP4-

mediated differentiation of hESCs (data not shown).

Stress activation of p53 is primarily attributed to post-

translational modification of p53 and increased protein stability

[30]. During RA-mediated differentiation of hESCs, p53 gained

acetylation at residue lysine 373 (p53K373; Figures 2A, 2B, and

S2A), and DNA-damage-associated modifications, such as phos-

phorylation of p53S15 or p53S46, were not observed (Figure S2A).

p53K373 is a known substrate of histone acetyltransferase CBP/

p300 [31], and treatment of differentiating hESCs with CBP/p300

inhibitor circumin [32] led to loss of p53K373ac and p53 stability

during differentiation (Figure 2D). Increased p53K373ac occurred

in parallel with reduced levels of SIRT1, at days 1–3 of RA

treatment, suggesting that a pool of p53 escapes deacetylation by

SIRT1 (Figure 2C). NAD+-dependent histone deacetylase SIRT1

is down-regulated during differentiation of hESCs, as described

previously [33]; however, SIRT1 protein levels and p53

interaction recover after differentiation of hESCs (day 4,

Figure 2C), as p53 and p53K373ac are restored to low levels

(Figures 1 and 2A). Addition of an inhibitor of SIRT1 activity,

nicotinamide [34], on day 4 of RA treatment, maintained

p53K373ac (Figure 2D). These results suggest that an active

acetylation/deacetylation switch regulates p53 during differentia-

tion of hESCs.

Pluripotent hESCs have low p53 levels (Figures 1 and S1C),

similar to somatic cells, where p53 levels are regulated by E3-

ubiquitin ligases, ubiquitin modification, and proteasomal degra-

dation [35,36]. HDM2, which is embryonicly lethal when deleted

(as mdm2) in mice [37], and TRIM24, a negative regulator of p53

identified in mESCs [38], are associated with p53 in pluripotent

hESCs but dissociate after RA addition (Figure 2E). Ubiquitin-

modified p53 species are detectable at 0–24 h of RA treatment in

the presence of inhibitors of the proteasome, MG132 (lanes 2 and

4, Figures 2F and S2B) and lactacystin (Figure S2C). After RA

treatment, ubiquitin-modified p53 species decreased in abundance

with time of differentiation: compare (lanes 5 and 6, Figures 2F,

S2B, and S2C). As a positive control for regulated loss of ubiquitin-

modified p53 [39], hESCs were treated in parallel with the DNA-

damaging agent adriamycin (Adr) (Figure 2F, lane3, and Figure

S2B and S2C). Together, gain of acetylation and loss of

ubiquitination transiently increased p53 stability during hESC

differentiation.

The Consequences of p53 Accumulation in hESCs
DNA damage of mESCs, where p53 is expressed at high levels

and is primarily cytoplasmic, leads to repression of NANOG and

spontaneous differentiation into other cell types, which undergo

p53-dependent apoptosis [28,40,41]. However, a previous report

shows that, unlike mESCs, exposure of hESCs to DNA damage

induces p53-dependent cell cycle arrest rather than differentiation

[42]. In order to assess functions of p53 during differentiation of

hESCs we performed flow cytometry analysis of the cell cycle in

hESCs at time points of exposure to RA, and compared control

and p53-depleted hESCs (Figure 3). We efficiently depleted p53,

and other targets, with pools of small interfering RNA (siRNA)

and a modified siRNA transfection protocol (see Materials

Methods for details) that had an average 60% transfection

efficiency and that produced an up to 80% reduction in RNA

expression (Figure S3).

Flow cytometry showed that 60% of pluripotent hESCs are in S

phase, and approximately 10% of hESCs are in G1 (time = 0),

consistent with a rapid cell cycle (15–16 h) due to truncation of G1

[13] (Figures 3A and S4A). During differentiation, hESCs spend

increased time in G1, slowing down cell cycle over time with RA

treatment: at day 4 there is a 3-fold increase in cells in G1

(Figure 3A). The accumulation of hESCs in G1 continued during

differentiation; after 10 d of RA treatment, hESCs attained a cell

cycle profile more similar to that of differentiated cells (human

Author Summary

Most cell types in an organism are generated from
embryonic stem cells (ESCs), which are able to proliferate
an unlimited number of times and have the potential to
produce any kind of cell of that organism (this ability is
called pluripotency). In order to maintain these properties,
ESCs have to remain in a proliferate state, which is
achieved by the collaboration of several factors. Expressing
combinations of these factors in differentiated cells can
result in ESC-like qualities; these induced pluripotent stem
cells (iPSCs) can then function like ESCs. Previous studies
suggested that p53, generally known for its roles in
maintaining genomic integrity by regulating cell cycle and
cell death pathways, also acts as a barrier to reprogram-
ming adult cells during the creation of iPSCs; whether this
is strictly due to repression of proliferation remains a
subject of debate. Here, we show that p53 plays a
significant role in actively promoting differentiation of
human ESCs (hESCs). We find that, prior to differentiation,
p53 is expressed at very low levels in hESCs, held in check
by two negative regulators, HDM2 and TRIM24, that
trigger p53 degradation. Upon induction of differentiation,
lysine 373 of p53 is acetylated, and this disrupts the
existing interactions with negative regulators, thus allow-
ing stabilization and activation of p53. Active p53 in turn
promotes expression of the cell cycle regulator p21 to slow
down the hESC cell cycle; cells in the gap (G1) phase of the
cell cycle accumulate, preventing division. In parallel, p53
activates specific microRNAs, miR-34a and miR-145, that
inhibit the expression of several stem cell factors and
prevent differentiated cells from backsliding to pluripo-
tency. Our results highlight a novel function of p53 in
determining the human stem cell state.

p53 Drives Differentiation of hES Cells
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foreskin fibroblasts), with more than 60% of cells in G1 (Figure

S4B). When hESCs were depleted of p53 by siRNA and exposed

to RA, the accumulation of cells in G1 was attenuated, indicating

that p53 plays an integral role in the process (Figures 3A and S4A).

The accumulation of hESCs in G1 during differentiation stands in

contrast to DNA damage, which led to a p53-dependent arrest at

the G2–M transition and apoptosis with exposure to damage-

inducing levels of Adr (Figure S4C–S4E).

Cell cycle arrest in G1 phase may be mediated by cyclin-

dependent kinase inhibitor p21/WAF1, a downstream gene target

of p53 [43,44]. We observed increased expression of CDKN1A

(p21) (Figure 3B), which was p53-dependent (Figure 4C), in

parallel with accumulation of hESCs in G1 phase during

differentiation of both WA09 and WA01 hESCs (Figure S1E).

p53 directly regulates p21 expression, as chromatin immunopre-

cipitation (ChIP) analysis revealed RA-induced enrichment of p53

at the distal p53 response element (p53RE) of CDKN1A (Figure 3C).

The importance of p21 in RA-mediated alteration of the hESC

cell cycle was shown by siRNA depletion of CDKN1A and loss of

hESC accumulation in G1 (Figure 3A). An RA-mediated

elongation of the G1 phase during differentiation of hESCs was

marked by a specific increase in unmodified retinoblastoma tumor

suppressor protein (non-phosphorylated RB), alongside up-regu-

lated p21 protein (Figure S4F). Previous studies show that RB is

Figure 1. p53 protein is induced during differentiation of hESCs. (A) qRT-PCR. RNA from hESCs treated with RA in medium without FGF for
5 d (R0–R5), were subjected to qRT-PCR assay (data are presented as mean 6 SEM). (B and C) Western blot. Lysates (total cell lysate [TCL]) prepared
from hESCs cultured as in (A) were analyzed by Western blotting, the blots in (B) were quantitated (C): the average density of three different blots is
plotted (*, p,0.05). (D) TP53 qRT-PCR. RNA samples prepared as in (A) were subjected to qRT-PCR assay (mean 6 SEM). (E) Immunofluorescence.
hESCs in complete CM or treated with RA for 3 d were stained with antibodies against p53 and OCT4, and nuclei were stained with DAPI. Scale bar is
50 mm. (F) p53 nuclear localization. Nuclear extracts prepared from hESCs cultured as in (A) were analyzed by Western blotting. (Also see Figure S1.).
doi:10.1371/journal.pbio.1001268.g001

p53 Drives Differentiation of hES Cells
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hyper-phosphorylated and inactive in self-renewing, cycling

hESCs [11,45].

Interestingly, differentiation-induced p53 did not activate

expression of genes GADD45A and BAX, which are associated

with apoptosis (Figure S4G). In contrast, hESCs underwent cell

death after exposure to appropriate levels of DNA-damaging

agents (Figure 3D and 3E), and showed p53 enrichment on

p53REs and increased expression of CDKN1A, MDM2, BAX, and

GADD45A under these conditions (Figure S4G and S4H). RA-

induced p53 and differentiation had little effect on the number of

apoptotic hESCs, as shown by Annexin V staining and c-H2AX

levels (Figure 3D and 3E).

p53 Promotes Differentiation of hESCs
One approach we used to assess the progression of RA-mediated

differentiation was to stain hESC cultures with alkaline phosphatase

(AP) at each time point. As previously reported [46], differentiation

is marked by loss of AP staining and appearance of cells with a

flattened cellular morphology (Figure 4A). Depletion of p53 by

siRNA delayed RA-mediated differentiation (Figure 4A and 4B; see

also Figure 5E), as more than 60% of hESCs remained

undifferentiated after 3 d of RA treatment (AP-stained colonies

quantified in Figure 4F). Additionally, with siRNA of p53,

pluripotency markers NANOG and OCT4 maintained expression

and there was no induction of p21, as compared to cells transfected

with non-target siRNA (siControl) (Figure 4B and 4C). These results

were confirmed by flow cytometry analysis of hESCs stained with

OCT4 and SSEA4, which revealed no reduction in OCT4 staining

in cells depleted of p53 compared to only 64% cells positive for

OCT4 in siControl hESCs, 3 d after RA treatment (Figure 4D).

Up-regulation of p53 is transient during differentiation of

hESCs, as auto-regulation of negative regulators, HDM2 and

Figure 2. Acetylation of Lys373 leads to stabilization of p53. (A) p53 acetylation. Equal amounts of p53 were immunoprecipitated by
adjusting the amounts of total cell lysates prepared from hESCs and probed with p53K373ac antibody. (B) Immunofluorescence. hESCs treated with
RA for 3 d were stained with antibodies against p53K373ac and OCT4; nuclei were stained with DAPI. (C) Co-immunoprecipitation. Cell lysates from
RA-treated hESCs were immunoprecipitated with p53 followed by Western blotting. (D) p53 acetylation. p53 immunoprecipitated from hESCs
cultured under differentiating conditions and treated with either circumin on day 2 or nicotinamide on day 4 and probed with p53K373ac antibody.
(E) Co-immunoprecipitation. Cell lysates from differentiating hESCs were immunoprecipitated with HDM2 or TRIM24 antibodies and analyzed by
Western blotting. (F) Endogenous p53 ubiquitination. hESCs cultured under differentiating conditions were treated with MG132 + RA or MG132 + Adr;
endogenous p53 was immunoprecipitated and probed for ubiquitin (top panel). Same blot was reprobed with p53 antibody to show the equal p53
pull down (bottom panel). (Also see Figure S2.) IP, mmunoprecipitation; Ub, ubiquitin; WB, Western blot.
doi:10.1371/journal.pbio.1001268.g002

p53 Drives Differentiation of hES Cells
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TRIM24, is triggered by p53 (Figure S5). We transiently

transfected pools of siRNA specific for either HDM2 or TRIM24,

and achieved ,70% reduction in levels of gene expression in each

case (Figures S3 and S5). Depletion of HDM2 and TRIM24 by

siRNA in untreated hESCs increased p53 protein levels (Figure

S5A), increased p21 RNA and protein, and decreased OCT4 and

NANOG expression (Figure S5B). Depletion of either HDM2 or

TRIM24 led to spontaneous differentiation (approximately 50%

differentiated colonies) (Figure 4E and 4F), as well as a 4-fold

increase in the number of hESCs in G1 phase (Figure 4H). Flow

cytometry revealed a significant reduction in OCT4-positive cells

(Figure 4G), which correlates with siRNA-mediated depletion of

HDM2 and TRIM24 (Figure S3). Spontaneous differentiation of

hESCs, with increased expression of p53 and p21, occurred even

under cell culture conditions where pluripotency is normally

maintained and without RA treatment (Figures 4E–4H and S5).

This is in sharp contrast to hESCs depleted of p21, which

exhibited significantly delayed differentiation (Figure 4A, bottom

panel, and Figure 4F), no change in percent of cells positively

stained for OCT4 (Figure 4D), and no increase in cells residing in

G1 (Figure 3A). Expression of pluripotency markers under these

conditions further supported the links between p53, p21, and

differentiation (Figure S5B).

DNA Binding Is Required for p53-Mediated Regulation of
Differentiation

We established a system in hESCs where expression of p53 is

controlled in a dose-dependent manner without addition of RA.

Lentiviral constructs, which express wild-type or mutant p53 with

an IRES-GFP reporter under control of a tetracycline (doxycycline

[Dox])–responsive promoter, were introduced into hESCs and

selected for stable integration. Cell lines with regulated expression

of wild-type p53 (p53WT) or p53 mutated within its DNA-binding

domain (p53R175H and p53R175P) were positive for both OCT4

and SSEA4 stem cell markers, as assessed by flow cytometry

analysis, in the absence of Dox (Figure S6A) and exhibited Dox-

regulated expression of p53 (Figure 5). In the absence of RA, Dox-

induced expression of p53WT led to loss of OCT4 expression. In

contrast, expression of a mutated form of p53, incapable of

binding to DNA and regulating p53 target gene expression

(p53175H), did not correlate with decreased OCT4 even though

p53R175H protein levels are higher than those of p53WT

(Figure 5A). Interestingly, Dox induction of a mutated form of

p53, p53R175P, known to induce cell cycle arrest but not

apoptosis in mouse models [47,48] led to loss of OCT4 expression,

although the decrease was smaller than the significant reduction

induced by p53WT (Figure 5A and 5C). The dichotomy between

Figure 3. The consequence of p53 accumulation in hESCs. (A) Cell cycle analysis. hESCs transfected with non-target (siControl) or siRNA
specific to p53 (siTP53) or p21 (siCDKN1A) and treated with RA were stained with PI and subjected to flow cytometry analysis to determine DNA
content. Results quantitated as fold change in cell cycle are shown. (B) qRT-PCR. RNA from hESCs treated with RA for 4 d or Adr for 6 h were
subjected to qRT-PCR assay using primers specific for human CDKN1A. (C) ChIP. p53-bound chromatin was immunoprecipitated from hESCs, and p53
enrichment on CDKN1A was analyzed by qRT-PCR using primers encompassing p53REs (*, p,0.05). Scheme representing location of p53RE and
primers used for ChIP-qRT-PCR are shown on the top (asterisk indicates the 39 end of the gene). (D) hESCs treated with RA or Adr were lysed, and cell
lysates were blotted for c-H2AX. (E) Apoptosis assay. hESCs treated as in (D) were stained with Annexin V and PI, and percent apoptotic cells was
determined by flow cytometry (mean 6 SEM). (Also see Figures S3 and S4.).
doi:10.1371/journal.pbio.1001268.g003
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responses of hESCs exposed to p53R175H versus p53R175P

supports functions of p53 in the activation of cell cycle arrest,

without apoptosis, during differentiation of human cells.

Further analysis of differentiation driven by conditionally

regulated p53, in the absence of RA, showed that p53 target

genes, CDKN1A and HDM2, were activated over a time course of

Dox exposure (Figures 5C and S6B). In parallel, pluripotency

marker gene expression of KLF4, NANOG, and OCT4 was

significantly reduced with length of exposure to Dox (Figures 5C

and S6C). Dox treatment led to a ,4- to 5-fold induction in

exogenous wild-type and mutant p53 RNA, with an insignificant

change in endogenous TP53 levels (Figures 5C and S6B).

Differentiation occurred as marked by a gain in AFP expression

and flattened cell morphology, with loss of AP staining in hESCs

expressing p53WT or p53R175P but not p53R175H (Figure 5B

and 5C). Ectopic expression of p53WT and p53R175P led to an

increase of cells in G1, similar to induction by RA treatment;

however, p53R175H did not affect the cell cycle profiles of hESCs

(Figure 5D). Induction of p53WT in hESCs led to expression of

endoderm markers GATA4 and AFP, as well as ectoderm marker

PAX6 (Figure 5F and 5G). However, these cells did not express

mesodermal marker Brachyury (Figure 5F and 5G). Differentia-

tion is specific to p53, as depletion of Dox-induced p53 by siRNA,

added at t = 0, rescues OCT4 protein expression (Figure 5E).

Similarly, after siRNA-mediated depletion of p21 in hESCs over-

expressing p53, OCT4 protein levels were rescued, further

confirming p21 as a mediator of p53-induced differentiation of

hESCs, whether induced by exogenous p53WT or by RA

treatment (Figure 5E).

Interestingly, Dox-induced p53 is not acetylated at K373, as is

readily detectable when RA is used to induce equivalent levels of

endogenous p53 and differentiation of hESCs (Figures 2 and 5H).

This finding suggests that ectopic induction of p53 circumvents

K373 acetylation, which promotes release of endogenous p53 from

negative regulatory proteins during RA-induced differentiation

(Figure 2). Taken together, these results support a view of p53 as a

critical regulator of hESC differentiation, capable of acting in the

absence of RA and other stimuli that may be induced by RA

treatment. The role of cell cycle regulators in this process is

underscored by expression of mutated forms of p53 that

specifically regulate genes that lead to G1 arrest but are unable

to regulate apoptosis in mouse models [47].

p53 Regulates miR-34a and miR-145 to Drive
Differentiation of hESCs

To understand the mechanism underlying p53-mediated

differentiation of hESCs, we performed high-throughput ChIP

sequencing analysis of hESCs incubated with RA (unpublished

data). Putative p53 targets included miRNAs; among these, we

focused on miR-34a and miR-145 as likely significant in the p53-

mediated regulation of hESCs. In somatic cells, miR-34a acts in a

feed-forward loop of p53 control. In response to stress stimuli, p53

is activated and induces expression of miR-34a, which in turn

represses negative p53 regulator SIRT1 to augment p53 activation

[49,50], and CyclinD1 and CDK6 to support cell cycle arrest [51].

SIRT1 deacetylates p53, which decreases the ability of p53 to bind

DNA and regulate gene expression [52], as we also show in

pluripotent hESCs (Figure 2). Regulation of miR-34a and its

downstream targets in ESCs has not been previously reported, to

our knowledge. In contrast, a role for miR-145 in differentiation of

hESCs is known, where miR-145 acts by negatively regulating

levels of pluripotency genes, OCT4, SOX2, and KLF4 [53]. miR-

145 is known to be a p53 target in somatic cells [54]; however, the

mechanisms that lead to miR-145 up-regulation during differen-

tiation of hESCs have not been defined.

In response to RA treatment and differentiation of hESCs, miR-

34a and miR-145 were significantly up-regulated in a p53-

dependent manner (Figure 6A and 6B), an induction which also

occurs with a DNA-damaging agent, Adr (Figure S7A). RA

treatment led to a time-dependent enrichment of p53 at predicted

p53REs of both miR-34a and miR-145 (Figure 6C), in parallel with

the transient activation of p53. Interestingly, p53 enrichment on

two identified p53REs of miR-145 exhibited distinct patterns

during differentiation compared to DNA damage: p53 accumu-

lation occurred at both p53REs but was stronger on the proximal

p53RE (p53RE2) during differentiation and on the distal p53RE

(p53RE1) after DNA damage (Figures 6C and S7B). Introduction

of small inhibitory oligonucleotides to counter expression of

targeted miRNAs (anti-miRNAs), anti-miR-34a and anti-miR-145,

resulted in ,80% miRNA depletion (Figure S6C), and had

specific effects on expression of stem cell factors: inhibition of miR-

34a led to increased expression of OCT4, KLF4, LIN28A, and

SOX2 proteins, and to a lesser extent SIRT1 (Figure 6E), as well

as SOX2 and SIRT1 RNA (Figure 6D). Inhibition of miR-145

induced protein levels of OCT4, SOX2, and KLF4, as well as

increased RNA expression of SOX2 and KLF4 (Figure 6D and 6E).

Quantitative determination of OCT4/SSEA4-positive cells by

flow cytometry analysis revealed that hESCs could differentiate

with RA after inhibition of miR-34a but not in the presence of anti-

miR-145 (Figure 6F). Depletion of both miRNAs significantly

delayed differentiation of hESCs, as ,97% of hESCs remained

OCT4-positive 3 d after RA treatment (Figure 6F), indicating the

significance of these miRNAs during differentiation.

Depletion of miR-145 also significantly affected accumulation of

hESCs in G1 after RA treatment (Figure S7D). miR-145 targets c-

Myc [54], which is known to repress p21 [55]; thus, miR-145

represses pluripotency factors and likely contributes to regulation

of the hESC cell cycle by decreasing c-Myc and indirectly

activating p21 during differentiation. In silico analysis by

TargetScan [56], PicTar [57], miRanda [58], and miRBase [59]

of genes potentially regulated by miR-34a and miR-145 identified

several genes significant to ESC biology (Figure S7E). Pluripotency

genes targeted by mir-145 are known [53]; additionally, we found

that mir-34a has predicted target sites within the 39 UTRs of KLF4

and LIN28A, which are conserved across species (Figure 6G). To

investigate whether KLF4 and LIN28A are directly targeted by

Figure 4. p53 drives differentiation of hESCs. (A) AP staining. hESCs transfected with non-target (siControl) or siRNA specific to p53 (siTP53) or
p21 (siCDKN1A) were treated with RA and stained for AP (blue colonies). (B and C) hESCs transfected and treated as in (A) were used in Western
blotting (B) and qRT-PCR (C) analyses. The blots in (B) were quantitated, and average density of three different blots is plotted (bottom panel) (*,
p,0.05) (mean 6 SEM). (D) OCT4 + SSEA4 staining. hESCs transfected with siRNA followed by RA treatment were stained for SSEA4 and OCT4 and
subjected to dual flow cytometry analysis. Triplicate samples were analyzed in each experiment, and data analyzed with FACSDiva software.
Decreases in fraction of OCT4-positive cells, as compared to siControl untreated, are indicated in red. (E) AP staining. hESCs transfected with HDM2 or
TRIM24 siRNA were treated with RA and stained for AP. (F) Quantified AP-stained colonies. Date shown are for 50 colonies per treatment in three
separate experiments (in [A] and [E]), scored as undifferentiated, partially differentiated, or fully differentiated colonies, mean 6 SEM. (G) OCT4 +
SSEA4 staining and flow cytometry analysis as in (D) after transfection with siRNA targeting HDM2 or TRIM24. (H) Cell cycle analysis. hESCs transfected
with HDM2 or TRIM24 siRNA were stained with PI and subjected to cell cycle analysis. (Also see Figures S3 and S5.).
doi:10.1371/journal.pbio.1001268.g004
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miR-34a, we engineered luciferase reporters that have either the

wild-type 39 UTRs of these genes, or mutated 39 UTRs with a 4-

bp mutation in the predicted target sites. The luciferase reporters

were cotransfected with miRNA precursor (pre-miRNAs) mimics,

which are processed into mature miRNAs in HEK293 cells. A

scrambled precursor with no homology to the human genome was

used as a control. The pre-miRNA mimic of miR-34a (pre-miR-

34a) significantly reduced the luciferase activity of the wild-

type LIN28A reporter (,30%), compared to the scrambled

precursor control (two-tailed Student’s t test; Figure 6H), and

did not alter activity of mutated reporters (Figure 6H). Repression

was specific to LIN28A, as there was no significant effect of pre-

miR-34a transfection on the KLF4 reporter. These results suggest

that miR-34a directly targets sites within the LIN28A 39 UTR.

Taken together, p53-activated miRNAs decrease expression of

major stem cell factors to oppose self-renewal of hESCs, as well

as inhibiting SIRT1, a negative regulator of p53. Thus, p53-

mediated regulation of miRNAs reinforces and expands the direct

effects of p53 in regulation of the cell cycle during differentiation of

hESCs.

Discussion

TP53 is mutated in more than half of all human cancers, and

maintains genomic stability in somatic cells, primarily as a stress-

responsive transcription regulator of genes that control cell cycle

arrest and apoptosis [60,61]. Functions of p53 in cellular

metabolism, homeostasis, and development are less understood,

but are increasingly appreciated [62,63]. In adult stem cells, p53

negatively regulates proliferation and self-renewal of neural stem

cells and hematopoietic stem cells to maintain their quiescent state

[64,65]. A role for p53 in ESC modulation was first suggested by a

report that p53 directly represses Nanog in mESCs [40]. Likewise,

p53 functions in apoptosis and differentiation of hESCs were

previously reported, but no clear mechanisms were revealed

[66,67].

Here, we show that p53 actively promotes differentiation of

hESCs and does so by mechanisms distinct from direct regulation

of NANOG transcription (Figure 7). In contrast to in mESCs,

human p53 is localized in the nucleus of hESCs at a low

concentration and in a deacetylated state. In response to

differentiation signals, SIRT1 is down-regulated [33], allowing

p53 to be acetylated at Lys373, a target of CBP/p300. Acetylation

of p53 activates its functions as a transcription factor [68], and

relieves p53 from HDM2- and TRIM24 (shown here)– mediated

ubiquitination and degradation [34]. The importance of p53

concentration and its regulation was shown by the significant levels

of differentiation that occur either in response to siRNA-mediated

depletion of MDM2 and TRIM24 or by ectopic expression of p53.

In these cases, differentiation occurs in the absence of RA and in

medium that normally maintains stem cells as such.

Comparison of cell cycle profiles during RA-mediated differen-

tiation and DNA damage conditions highlights the diverse roles

played by p53 to restrict cell division and initiate either

differentiation or DNA repair, respectively. Differentiation-acti-

vated p53 binds to the p53REs of downstream gene target

CDKN1A to promote a G1 block that effectively elongates G1 and

lengthens the cell cycle of hESCs, with minimal induction of

apoptosis. The pattern of post-translational modifications of p53

and the accumulation of hESCs in G1 induced by RA are in

contrast to arrest of Adr-treated hESCs at G2–M of cell cycle in a

classical, p53-mediated DNA damage response [60]. We find that

p53, transiently activated during differentiation, regulates cell

cycle but does not induce significant apoptosis. Although selectivity

of p53 in activating arrest of cell cycle versus apoptosis remains

incompletely understood [30], our findings for hESC differentia-

tion recapitulate the specificity previously shown in mouse models

that express specific point mutants of p53 [48,69] and suggest that

these mechanisms are highly conserved. Differentiation of hESCs

is significantly delayed when TP53 and/or CDKN1A levels are

reduced, as shown by AP staining, cell cycle analysis, and

expression of markers of pluripotency in hESCs transfected with

siRNAs. Recently, Dox-inducible exogenous expression of p21 in

hESCs was shown to induce cell cycle arrest and massive hESC

differentiation [70], further supporting that induced levels of p21

and control of cell cycle are required for hESCs to differentiate.

A number of p53 downstream target genes have been

extensively studied, especially in transformed cells, and non-

coding RNAs regulated by p53 are now being identified [71].

Roles of miRNAs during hESC differentiation or reprogramming

of somatic cells have recently been reported [24,53,72–76], with

specific signatures of miRNAs shown in distinct stem cell states of

pluripotency regulated by p53 [77]. A known p53 target, miR-34a,

was shown to increase p53 activation by repressing SIRT1 in

cultured cells [49] but was not previously linked to hESCs. miR-

145 was discovered to be a direct repressor of pluripotency factors,

but was not shown to be regulated by p53 in stem cells [53]. Here

we show that p53 activates miR-34a and miR-145 expression

during RA-mediated differentiation of hESCs. Expression of these

miRNAs, directly induced by chromatin interaction of p53 at

p53REs, impacts a network of target transcripts that control

pluripotency, either directly or indirectly. Further, during

preparation of this manuscript, Choi et al. [78] showed that

miR-34a provides a barrier to somatic cell reprogramming. This

study offers further support for our finding that miR-34a

antagonizes pluripotency of hESCs and has pro-differentiation

functions in stem cell biology. We found that miR-145 has a more

significant role in differentiation of hESCs, with miR-34a acting to

augment its functions. However, since DNA damage induced

miRNAs miR-34a and miR-145 but did not promote accumulation

of hESCs in G1 and differentiation of hESCs, as seen with RA

treatment or ectopic p53 expression, it is clear the miRNAs alone

are insufficient to induce differentiation of hESCs. We showed that

p53 activation is transient during differentiation of hESCs; thus,

activation of miRNAs that repress stem cell factor expression

broadens the impact of p53 activation and may prevent

‘‘backsliding’’ to pluripotency, once p53 returns to its normally

low concentration during differentiation to a committed state.

Figure 5. DNA binding activity of p53 is required to induce differentiation of hESCs. (A) hESCs stably expressing p53WT and mutant p53
(p53R175H and p53R175P) under control of tet-inducible promoter cultured in CM + FGF were treated with 100 ng/ml Dox for 2 d. p53 and OCT4
protein levels were analyzed by blotting. (B) AP staining. hESCs in (A) treated with Dox for 2 d (2D) or 4 d (4D) and AP stained. (Arrows indicate
differentiated cells.) (C) qRT-PCR. hESCs treated with Dox for 1 d (1D) or 2 d (2D). RNA analyzed by qRT-PCR assay for expression of exogenous TP53,
CDKN1A, OCT4, and AFP (*, p,0.05) (mean 6 SEM). (D) Cell cycle analysis. hESCs treated with RA for 1 d or Dox for 1 d or 2 d, stained with PI, and
subjected to cell cycle analysis (mean 6 SEM). (E) hESCs stably expressing p53WT were transfected with siRNA and treated with Dox for 2 d. p53, p21,
and OCT4 protein levels were analyzed. (F and G) hESCs expressing p53WT were treated with Dox for 2 d or 4 d, and lysed to analyze protein (F) or
RNA (G) for various differentiation markers; AFP and GATA4 (endoderm), Brachyury (mesoderm), and PAX6 (ectoderm). (H) p53 acetylation. Lysates
from hESCs treated with RA and Dox-inducible p53WT treated with Dox were blotted for p53K373ac and p53. (Also see Figure S6.).
doi:10.1371/journal.pbio.1001268.g005
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Figure 6. p53 regulates miR-34a and miR-145 to drive differentiation of hESCs. (A and B) miRNA-TaqMan assay. miRNAs were analyzed using
total RNA from hESCs with probes specific for human miR-34a and miR-145 and were normalized to RNU6B as internal control (*, p,0.01). (B) Total
RNA prepared from hESCs transfected with siRNA was analyzed for expression of miR-34a and miR-145. Data are presented as mean 6 SEM. (C) ChIP.
p53-bound chromatin was immunoprecipitated from hESCs, and p53 enrichment on miR-34a and miR-145 promoters was analyzed by qRT-PCR (*,
p,0.05). Scheme representing location of p53RE and primers used for ChIP-qRT-PCR are shown on the top (asterisk indicates the 39 end of the gene).
Data are presented as mean 6 SEM. (D and E) Anti-miRNA assay. hESCs transfected with anti-miRNA oligonucleotides for non-specific (NS), miR-34a,
and miR-145 were subjected to qRT-PCR assay (D) and Western blotting (E) (mean 6 SEM). (F) OCT4 + SSEA4 staining. hESCs transfected as in (D)
followed by RA treatment for 3 d were stained for SSEA4 and OCT4 and subjected to flow cytometry analysis. Decreases in fraction of OCT4-positive
cells, as compared to untreated control, are indicated in red. (G) Summary of miR-34a target sites in the 39 UTRs of KLF4 and LIN28A. D, dog; H, human;
M, mouse; R, rat. The underlined nucleotides in miRNA target sites were mutated in the mutant 39 UTR constructs. (H) Luciferase assay. HEK293 cells
were transfected with luciferase plasmids containing wild-type (WT) or mutated (Mut) 39 UTRs along with miRNA precursors for scrambled or miR-34a.
Relative luciferase levels were calculated, and Student’s t test was used to compare the datasets (*, p,0.01). Error bars represent standard deviation
for three independent experiments. (Also see Figure S7.).
doi:10.1371/journal.pbio.1001268.g006
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Recently, the creation of TP532/2 hESCs by homologous

recombination showed that loss of p53 promotes pluripotency, a

role for p53 conserved in both murine and human ESCs [79].

However, TP532/2 hESCs contribute to all three germ layers

during teratoma formation in SCID mice, perhaps because of

compensation by structurally similar members of the p53 family,

p63 and p73. Deletion of all p63 and p73 isoforms in mice reveals

critical roles in development and differentiation [80,81]. p63 and

p73 can bind to canonical p53 DNA-binding sites and regulate

transcription from p53-responsive promoters, in the presence or

absence of p53 itself [82–84]. Compensation may be incomplete,

as p53-null mice exhibit some developmental anomalies, such as a

high percentage of exencephaly in females, and specific genes

exhibit altered p53-regulated gene expression during development

[85–87].

The establishment of elongated Gap-phase timing in stem cells,

more similar to that in somatic cells, was previously proposed as a

requirement for reception of differentiation signaling [11]. Our

studies show that p53 is integral in this process and actively

promotes differentiation of hESCs, in the absence of cellular stress

or DNA damage. The collective effects of p53 activation elongate

the G1 phase and antagonize pluripotency by induction of miR-34a

and miR-145 (Figure 7). Importantly, activation of p53 during

differentiation of hESCs is transient, allowing later stages of

growth and differentiation, while p53-induced miRNAs regulate a

network of genes that bolster forward progression to differentiate.

How these findings in ESCs may be relevant in adult and tumor

stem cells—where they may be channeled toward therapeutic

applications to restructure cell cycle and regulate a network of

miRNAs—is an important area for further study.

Materials and Methods

Cell Culture
hESCs (WA09 and WA01) were obtained from National Stem

Cell Bank and cultured according to the protocol from WiCell

Research Institute. Briefly, WA09 cells were maintained in hESC

culture medium on c-irradiated mouse embryonic fibroblasts

(MEFs) prepared using WiCell instructions. hESCs ranging from

passage number 32–38 were used for all of our experiments. hESC

complete culture medium is composed of DMEM/F12 supple-

mented with 20% knockout serum replacement, 1 mM L-

glutamine, 1% nonessential amino acids, 4 ng/ml human FGF2

(all from Invitrogen), and 0.1 mM 2-mercaptoethanol (Sigma).

The medium was changed daily, and cells were passaged every 4–

6 d with 1 mg/ml Collagen IV (Invitrogen). For differentiation

studies hESCs were cultured in differentiation medium (hESC

medium without FGF) containing 1 mM RA for 5 d, with fresh

medium change daily. hESCs were also maintained as feeder-free

cultures on hESC qualified Matrigel (BD Biosciences) in mTeSR1

medium (Stemcell Technologies) and MEF conditioned medium

(CM). Passage 32 hESCs were grown on mTeSR1 medium for five

passages. hESCs were cultured on Matrigel following manufac-

turer’s instructions and received fresh mTeSR1 medium daily, and

cells were passaged every 4–6 d with 1 mg/ml Dispase (Stemcell

Technologies). For differentiating hESCs cultured on mTeSR1,

1 mM RA was added to homemade MEF CM (without additional

FGF). CM was prepared in our facility by culturing c-irradiated

MEFs in complete hESC culture medium for 24 h, collected daily,

filtered, and freezed at 220uC. FGF was added to CM before use

to a final concentration of 10 ng/ml to culture the cells grown on

Matrigel under pluripotent conditions.

RNA and miRNA Knockdown
hESC colonies were grown on Matrigel in six-well plates.

siRNA targeting human TP53, CDKN1A (p21), HDM2, TRIM24

(Table S1) and non-target (control) were purchased from

Dharmacon and anti-miRNA oligonucleotides targeting human

miR-34a, miR-145, and miR-nonspecific were purchased from

Applied Biosystems. 75 nM siRNA or 75 nM anti-miRNA

oligonucleotides were transfected twice into cells using Lipofecta-

mine2000 (Invitrogen) transfection reagent according to manu-

facturer’s protocol within a period of 5 d. The first siRNA

transfection was performed 24 h after splitting the cells, followed

by medium change 6 h post-transfection. 36 h after the first

siRNA transfection, cells were cultured in differentiation medium

(2FGF, +RA) for 3 d and harvested to analyze protein, RNA,

AP, or cell cycle status. Cells were transfected one more time

with siRNA on the beginning of day 2 of RA treatment to

maintain the knockdown efficiency. To determine the transfection

efficiency these siRNAs were cotransfected with siGLO Green

(FAM), also purchased from Dharmacon. Twenty-four hours

post-transfection cells were either visualized by microscopy or

subjected to flow cytometry analysis to determine the percent of

cells transfected. See Figure S3 for percent transfection and

knockdown efficiencies of siRNAs. In case of anti-miRNA

transfections, cells were harvested 24 h post-transfection for

RNA and miRNA analysis and 48 h post-transfection for

analyzing protein levels.

Generating hESCs Integrated with tet-Inducible TP53
WA09 cells were cultured in mTeSR1 medium as described

above. At each passage (Accumax, Millipore) cells were treated for

24 h with 1 mM Y-27632 (Rock inhibitor; Alexis). Lentiviral

supernatants were produced by transfecting 293T cells with the

Figure 7. Model depicting role of p53 in inducing differenti-
ation of hESCs. In pluripotent hESCs, p53 is negatively regulated by
HDM2 and TRIM24. Differentiation induces acetylation at Lys373 of p53
via CBP/p300, p53K373ac then activates transcription by binding to
p53REs on CDKN1A (p21), miR-34a, and miR-145. Induction of p21 leads
to p53-dependent elongation of G1 phase, whereas induction of miR-
34a supports G1 elongation, blocks deactivation of p53 by targeting the
deacetylase SIRT1, and counteracts pluripotency by targeting LIN28A.
On the other hand, miR-145 targets OCT4, KLF4, and SOX2 and
antagonize pluripotency. Thus, p53 exerts a cumulative pro-differenti-
ation effect by elongating hESC G1 phase via p21 and synergistically up-
regulating miR-34a and miR-145 to counteract pluripotency. Ub,
ubiquitin.
doi:10.1371/journal.pbio.1001268.g007
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pSAM2.gw vector, pCMV-VSV-G and pCMV-DR8.91, using

Fugene HD transfection reagent (Roche) and collected 48 h post-

transfection. WA09 rtTA cells were generated by spin infection of

WA09 cells with Lenti-rtTA [88] at 2,500 rpm at 37uC for 90 min

with polybrene (4 mg/ml), and incubated at 37uC for an additional

2 h prior to medium replacement with mTeSR1. The WA09 rtTA

cells were subsequently transduced with listed pSAM2.gw plasmid

as described above. Enrichment of infected cells was performed by

FACS sorting (FACSAria II, BD Biosciences) for GFP-positive

cells (to a final enrichment of about 80%), following low dose

transient induction (addition of 0.05 mg/ml Dox [Sigma]) for 8 h.

About 16 h before the sort, the Dox was removed, and the cells

were incubated with regular mTeSR1 medium. Positive cells were

sorted, plated in fresh mTeSR1, and expanded for secondary/

tertiary enrichment or testing.

Plasmid Generation
pSam2.gw was generated by replacing the ubiquitin C promoter

from FUGW [89] with a second generation tetracycline response

element [90] , inserting a Gateway positive/negative selection

cassette flanked by attR1 and attR2 sequences (Invitrogen), and

replacing GFP with the IRES-GFP sequence from pMSCV-IRES-

GFP [91]. All constructs to be expressed were then cloned into

pENTR1a (Invitrogen) and transferred into pSAM2.gw by

Gateway recombination.

RNA Isolation and Real-Time PCR Analysis
RNA was isolated using TRIzol Reagent (Invitrogen) and

miRVana Isolation Kit (Ambion) as per manufacturer’s specifica-

tions. For RNA analysis 500 ng of total RNA was treated with

DNase I, and cDNA was synthesized as previously described [38]

and amplified with human-gene-specific primers (Table S2) with

Power SYBR Green PCR Master Mix (Applied Biosystems).

Primers targeting the 39 UTR were used to detect endogenous

TP53, and primers targeted to coding region were used to detect

Dox-induced exogenous TP53. The average threshold (Ct)

was determined for each gene and normalized to Actin mRNA

level as an internal normalization control. The miRNA levels

were assayed with the TaqMan gene expression assays and

TaqMan Universal PCR Master Mix in an Applied Biosystems

PRISM 7900HT Fast Real-Time PCR System according to the

manufacturer’s instructions. Briefly, reverse transcription of

10 ng of total RNA by the High-Capacity cDNA Archive Kit

(Applied Biosystems) was followed by 18 cycles of pre-PCR and

40 cycles of real-time PCR using TaqMan Fast Universal PCR

Master Mix. miRNA levels were normalized against the control

RNU6 probe.

Western Blotting
hESCs were lysed in RIPA buffer (50 mM Tris [pH 8.0],

150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS,

1 mM PMSF, and 1 mM Na-Vanadate) supplemented with

protease inhibitor cocktail (Calbiochem) and phosphatase inhibitor

cocktails I and II (Sigma). The protein concentration was

estimated by the Bradford Protein Assay Kit (Bio-Rad). 50 mg of

cell lysate was then separated via sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred

to nitrocellulose membrane. The membrane was blocked with 5%

milk, and protein levels were analyzed by immunoblotting with

anti-p53 (DO1), anti-OCT4, anti-SIRT1, anti-SIN3A (Santa Cruz

Biotechnology), anti-NANOG, anti-KLF4 (R&D Systems), anti-

SOX2, anti-p53K373ac, anti-p53S15ph, anti-p53S46ph, anti-

p53K320ac (Cell Signaling Technologies), anti-p21 (BD Pharmin-

gen), anti-pRB (Oncogene Sciences), anti-HDM2 (Calbiochem),

anti-TRIM24 (Novus Biologicals), anti-c-H2AX (Trevigen), and

anti-Actin (GeneTex Biotechnology), followed by corresponding

HRP-tagged secondary antibody (GE Healthcare).

Co-Immunoprecipitation Analysis
hESCs grown on inactivated MEF feeders were cultured in

complete hESC medium or treated with RA for 5 d in

differentiation medium, and the cells were harvested and lysed

in RIPA buffer. 0.5 mg of cell lysates was used for immunopre-

cipitation with primary antibody. The extract was incubated

with 2.5 mg of antibody overnight at 4uC with shaking. Forty

microliters of washed Protein A bead suspension (GE Healthcare)

was added, and the extract was incubated for additional 1 h at 4uC
with shaking. Immune complexes were washed twice with RIPA

buffer, boiled with 16 SDS sample dye, and resolved on 10%

SDS-PAGE gel followed by immunoblotting with corresponding

antibodies.

Subcellular Fractionation
hESCs were grown on 100-mm tissue culture plates in either

complete hESC medium or in differentiation medium (2FGF,

+RA) for 4 d. At the end of treatment, cells were washed twice

with ice-cold PBS, scraped in PBS, and centrifuged at 500 rpm for

5 min. Biochemical fractionation of cells was done using the

Nuclear Extract Kit (Active Motif) following the manufacturer’s

protocol. Briefly, the cell pellet was resuspended in 16 hypotonic

buffer (cytoplasmic buffer) supplemented with complete protease

inhibitor mixture (Calbiochem), incubated for 15 min at 4uC,

vortexed in the presence of detergents, and centrifuged briefly.

The supernatant (cytoplasmic fraction) was collected into a

prechilled microcentrifuge tube. The nuclear pellet was washed

twice with the cytoplasmic buffer, followed by resuspending in the

lysis buffer supplemented with 1 mm dithiothreitol and protease

inhibitors. The suspension was incubated on a rocking platform at

4uC for 30 min, vortexed briefly and centrifuged for 10 min at

14,000 g at 4uC, and the supernatant (nuclear fraction) was

collected. The protein concentration was determined using the

protein assay reagent (Bio-Rad). 50 mg of the cell fractions was

resolved on a 10% SDS-PAGE gel, Western blotted, and probed

with anti-p53, anti-OCT4, and anti-NANOG antibodies. To

confirm the purity of subcellular fractionation, the extracts were

immunoblotted with cytoplasm-specific anti-LDH antibody (Che-

micon) and nucleus-specific anti-TBP antibody (Santa Cruz

Biotechnology).

Immunostaining
hESC colonies were grown on Matrigel-coated coverslips in

mTeSR1 or MEF complete CM (CM + FGF, 10 ng/ml) or CM

differentiation medium (+RA, 1 mM) for 3 d. Cells were fixed with

4% paraformaldehyde in water for 15 min at room temperature

(RT). Cells were washed three times with PBS and blocked with

blocking buffer (10% normal goat serum in PBS) for 2 h at RT,

incubated with anti-p53 and anti-OCT4 antibodies (Santa Cruz

Biotechnology) overnight at RT, and washed twice in PBST (PBS

+ Tween20). The cells were then incubated with the secondary

antibody (Alexa-Fluor goat anti-rabbit 488 for OCT4 and Alexa-

Fluor goat anti-mouse 546 for p53; Molecular Probes) for 45 min

in the dark at RT, followed by two washes with PBST. Coverslips

with cells were then mounted on glass slides using Antifade

mounting reagent from the Slowfade Antifade Kit (Molecular

Probes). The cells were examined and photomicrographed using

an Olympus confocal microscope.
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ChIP
hESCs grown on inactivated MEF feeders were cultured in

complete hESC medium or treated with RA upto 4 d in

differentiation medium and were collected, PBS washed, and

crosslinked in 1% formaldehyde for 10 min at RT. After glycine

followed by PBS wash, cells were lysed using lysis buffer (5 mM

HEPES [pH 8.0], 85 mM KCl, 0.5% NP40) supplemented with

protease inhibitor (Calbiochem). After removal of cytoplasmic

extract, remaining cell pellet was lysed in nuclear lysis buffer

(50 mM Tris-HCl [pH 7.5], 10 mM EDTA, 1% SDS) and

protease inhibitor. Lysates were sonicated with glass beads (Sigma)

ten times for 10-s pulse on ice to obtain DNA fragments of average

length under 500 bp. After centrifugation, the supernatant was

preabsorbed with 40 ml of Protein A beads (GE Healthcare) and

IgG for 2 h, then incubated with 5 mg of p53 antibody (Santa Cruz

Biotechnology) or control IgG (Millipore) overnight at 4uC. The

immunocomplex was collected on Protein A beads and washed,

and bound DNA was eluted and reverse crosslinked overnight at

65uC. The DNA region of interest was detected by SYBR

quantitative real-time PCR (qRT-PCR) using primers encompass-

ing p53REs on the respective gene (see Table S3 for sequence of

primers used for ChIP-qRT-PCR).

p53 Acetylation Analysis
hESCs grown on inactivated MEF feeders were cultured in

complete hESC medium or treated with RA for 5 d in

differentiation medium, and the cells were harvested and lysed in

RIPA buffer. Equal amounts of p53 were pulled down by varying

the amounts of total lysates from each treatment and probed with

p53K373ac antibody. In order to analyze the effects of CBP/p300

on RA-mediated acetylation of p53, hESCs were treated with RA

for 2 d, and 25 mM circumin (Sigma) was added 24 h before

harvesting on day 2 [32]. Similarly, to inhibit the deacetylase

activity of SIRT1 on p53, 5 mM nicotinamide (Sigma) was added

24 h before harvesting the cells treated with RA for 4 d [34].

p53 Ubiquitination Assay
hESCs were treated with proteasome inhibitor, MG132

(Calbiochem), or lactacystin (Calbiochem) for 6 h prior to lysis

in RIPA buffer supplemented with 10 mM iodoacetamide (GE

Healthcare) and protease inhibitors. Endogenous p53 was

immunoprecipitated from 1 mg of protein lysate using p53

(DO1) antibody and immunoblotted with anti-ubiquitin antibody

(Sigma). The blot was reprobed with p53 to confirm the equal p53

pull down.

Alkaline Phosphatase Staining
hESC colonies were fixed in 2% formaldehyde (Sigma) and

stained with Vector Blue Alkaline Phosphatase Substrate Kit I

(Vector Labs) following manufacturer’s instructions. The self-

renewing colony stains positive for AP, but differentiated colonies

stain less or negative for AP.

Cell Cycle Analysis and Apoptosis Assay
For cell cycle analysis, 1256105 cells from each sample were

trypsinized to make single cell suspension, washed with PBS, and

fixed in 95% ethanol (Sigma). The cells were then treated with

RNaseA and stained with propidium iodide (PI) (Calbiochem) as

per manufacturer’s instructions. 20,000 events were analyzed on

an Epics XL flow cytometer (Coulter), and cell cycle distribution

was analyzed by the ModFit LT program. For apoptosis assay,

cells were double stained with Annexin V–FITC and PI as per

manufacturer’s instructions (BD Pharmingen). 20,000 events were

analyzed on an Epics XL flow cytometer , and percent apoptosis

was determined using System II software (Coulter).

FACS Analysis for hESC Markers
hESCs were grown in six-well plates and submitted to the

Human Embryonic Stem Cell Core at Baylor College of

Medicine, Houston, Texas, for FACS staining and quality control.

Briefly, the cells were removed from the dish with trypsin/EDTA

(Invitrogen). Trypsin was neutralized with MEF medium (DMEM

containing 10% FBS [Hyclone]) and pelleted by centrifugation for

5 min at 250 g. Cells were resuspended in FACS buffer (PBS

containing 2% FBS and 0.1% sodium azide) and probed for the

surface antigens with SSEA4 (R&D Systems) conjugated with

Alexa-488 (Invitrogen). The cells were then fixed with 2%

paraformaldehyde for 30 min at RT and permeabilized with

0.1% saponine (Sigma) in PBS with 0.1% BSA (Sigma) for 30 min.

Cells were washed with FACS buffer and probed for 30 min at RT

with the OCT4 antibody conjugated with R-phycoerythrin (both

from BD Biosciences) as an intracellular protein. The samples

were analyzed using LSRII equipment (BD Biosciences). The cell

population of interest was determined and dead cells excluded

using forward and side scatter parameters. Acquisition was set for

30,000 events per sample. The data were analyzed with

FACSDiva software (version 4.1.2; BD Biosciences). Triplicate

samples were analyzed in each experiment.

Luciferase Reporter Plasmids and Dual Luciferase Assay
Primer pairs were designed to amplify a region of about 200–

300 bp around every predicted miR-34a target site within the 39

UTRs of KLF4 and LIN28A (Table S4). The amplicons were

cloned in pMir-Report vector (Ambion) at HindIII and SpeI sites.

Several residues in the miR-34a target site in the 39 UTRs were

mutated using site-directed mutagenesis (Stratagene) with the

mutagenesis primers. In the 39 UTR assay, 106104 293 cells were

transfected with 100 ng of the UTR reporter (pMir-Report), 10 ng

of the transfection control Renilla vector (phRLTK, Promega),

and 20 nM pre-miR-34a precursor molecules or scrambled control

miRNA (Ambion) with 3 ml of Lipofectamine 2000. Twenty-four

hours after transfection, cells were lysed in 16Passive Lysis Buffer,

and reporter activity was measured using the Dual Luciferase

Assay (Promega). Each assay was tested in triplicate in three

independent experiments.

Supporting Information

Figure S1 Retinoic acid induces differentiation of
hESCs. (A) WA09 (H9) hESCs were treated with RA for 5 d,

and qRT-PCR assay was performed with primers specific for

various differentiation markers: GATA4 and AFP (endoderm),

Brachyury (mesoderm), and PAX6 and Nestin (ectoderm). (B) p53

nuclear localization. Cytosolic and nuclear extracts prepared from

hESCs cultured as in (A) were analyzed by Western blotting, blots

were quantitated, and average density of three different blots is

plotted as relative change in nuclear protein levels. (C) Total cell

lysates prepared from mESCs, MEFs, and hESCs were probed

with anti-p53 (FL393) antibody. (D and E) WA01 (H1) hESCs

were cultured under self-renewing conditions (R0) or treated with

RA for 5 d (R1–R5), cells were harvested at indicated time points,

p53 protein was analyzed (D), and gene expression was assayed by

qRT-PCR (E).

(PDF)

Figure S2 p53 is activated during differentiation and DNA
damage. (A) hESCs were cultured under self-renewing conditions

(R0) or treated with RA for 1 or 2 d, or with DNA-damaging agents
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Adr (250 ng/ml), or etoposide with trichostatin A for 6 h. Total cell

lysates were probed with antibodies against p53, p53K373ac,

p53K320ac, p53S15ph, p53S45ph, and actin. (Asterisk indicates

non-specific band). (B) Cell lysates from hESCs treated with RA (0–

3 d) or Adr (6 h) + MG132 were immunoprecipitated with anti-

ubiquitin antibody and probed for p53 to detect ubiquitinated p53.

(C) Cell lysates from hESCs treated with RA or Adr (6 h) +
lactacystin were immunoprecipitated with anti-p53 antibody and

probed for anti-ubiquitin to detect ubiquitinated p53.

(PDF)

Figure S3 Transfection and knockdown efficiencies of
siRNAs in hESCs. (A and B) Transfection efficiency of siRNA.

hESCs were cotransfected with SMARTpools of gene-specific

siRNA and siGLO-Green (FAM) and were visualized by

microscopy after 24 h (A) or analyzed by flow cytometry to

determine the percent of cells transfected with siRNA. (C and D)

Knockdown efficiency of siRNA. hESCs transfected twice with

siRNA specific to TP53, HDM2, TRIM24, and CDKN1A were

harvested to analyze RNA (C) and protein (D) levels. 36 h after the

second transfection we could achieve knockdown efficiency

ranging from 70% to 80%. Also see Figure S4.

(PDF)

Figure S4 The consequence of p53 accumulation in
hESCs. (A–C) hESCs transfected with siRNA and treated with

RA (A) or with Adr for 6 h (+Adr) (C) were stained with PI and

subjected to flow cytometry analysis. (B) hESCs treated with RA

for different times were subjected to cell cycle analysis. (D and E)

hESCs exposed to increasing doses of Adr were subjected to

Western blot analysis to detect p53 and c-H2AX (D), and Annexin

V staining followed by flow cytometry analysis to determine

apoptotic cells (E). Adr at 250 ng/ml concentration was not toxic

to hESCs, since only ,20% hESCs were Annexin V positive

(Figure 3E and 3F), whereas the apoptotic response peaked at

1 mg/ml, as shown by stabilization of p53, increased levels of c-

H2AX, and accumulation of apoptotic cells by Annexin V

staining. (F) Cell lysates prepared from hESCs treated with Adr

or etoposide for 6 h were blotted with anti-RB antibody (left

panel). hESCs cultured and treated as in Figure 1 were lysed, and

total cell lysates were analyzed by Western blotting (right panel).

(G) qRT-PCR assay. hESCs cultured under differentiation

conditions (+RA 0–4 d) or treated with Adr for 6 h were subjected

to qRT-PCR assay using primers specific for human BAX,

GADD45A, and normalized to Actin. (H) ChIP. p53-bound

chromatin was immunoprecipitated from hESCs treated with

Adr, and p53 enrichment on CDKN1A, HDM2, BAX, and GADD45A

was analyzed by qRT-PCR using primers encompassing p53REs

and plotted as fold p53 enrichment compared to input.

(PDF)

Figure S5 p53 regulates differentiation of hESCs. (A)

Western blotting. hESCs cultured under self-renewing conditions

were transfected with either non-target (siControl) or siRNAs

specific to HDM2 (siHDM2), TRIM24 (siTRIM24), or CDKN1A

(siCDKN1A). 36 h post-transfection cells were cultured in complete

(R0) or in differentiating medium for 3 d (R1, R2, and R3). Total

cell lysates were analyzed as indicated. Western blots were

quantitated, and average density of three different blots is plotted

as fold change in protein levels. (B) RNA analysis. Cells treated as

in (A) were harvested and subjected to gene expression analysis by

qRT-PCR.

(PDF)

Figure S6 DNA binding activity of p53 is required to
induce differentiation of hESCs. (A) Quality control of

hESCs stably expressing tet-inducible p53. WA09 p53WT, WA09

p53R175P and WA09 p53R175H cells were fixed in formalde-

hyde and stained with ESC surface marker SSEA4 and ESC

internal marker OCT4. hESCs were subjected to dual flow

cytometry analysis using LSRII equipment (BD Biosciences). The

cell population of interest was determined and dead cells excluded

using forward and side scatter parameters. Acquisition was set for

30,000 events per sample. The data were analyzed with

FACSDiva software (version 4.1.2). Triplicate samples were

analyzed in each experiment. (B and C) qRT-PCR assay. RNA

prepared from cells expressing exogenous Dox-inducible p53 were

analyzed for mRNA levels of endogenous TP53 (left panel),

HDM2, NANOG and, KLF4 by qRT-PCR assay. Data are

presented as mean 6 standard error of the mean (SEM).

(PDF)

Figure S7 p53 transcriptionally regulates miRNAs in
hESCs. (A) miRNA-TaqMan assay. WA09 cells cultured under

self-renewing conditions (control) or treated with Adr were lysed to

prepare RNA, TaqMan qRT-PCR assay was performed with

probes specific for human miR-34a and miR-145 and were

normalized to RNU6B. (B) ChIP. Chromatin was immunopre-

cipitated using p53 antibody from WA09 cells treated with Adr.

p53 binding was analyzed by qRT-PCR on miR-34a and miR-145

promoters using primers encompassing p53REs. Primers amplify-

ing nonspecific promoter regions were used as negative control.

(C) Knockdown efficiency of miRNAs. hESCs transfected with

anti-miRNA specific to miR-34a and miR-145 were harvested to

analyze miRNA levels by TaqMan assay in (A). (D) Cell cycle

analysis. hESCs transfected with either anti-miR-NS (control) or

anti-miR-145 oligonucleotides and treated with RA were stained

with PI and subjected to flow cytometry analysis. (E) List of targets

of miR-34a and miR-145 that are significant to p53 and hESC

biology identified by TargetScan, PicTar, miRanda, and miRBase

browsers (asterisks indicate validated targets).

(PDF)

Table S1 Sequence information for the siGENOME
SMARTpool (Dharmacon) siRNAs.
(DOC)

Table S2 Oligonucleotide sequences for gene expres-
sion analysis by qRT-PCR.
(DOC)

Table S3 Oligonucleotide sequences for qRT-PCR anal-
ysis after p53 ChIP.
(DOC)

Table S4 Oligonucleotide sequences for cloning 39

UTRs in pMir-Report luciferase vector.
(DOC)

Acknowledgments

We thank the Human Embryonic Stem Cell Core facility at Baylor College

of Medicine, Houston, Texas, for materials, A. Jegga in the Division of

Biomedical Informatics at Cincinnati Children’s Research Foundation for

help with miRNA target identification, and L. Adam and C. Das for

assistance with immunostaining and confocal microscopy. We are grateful

to S. Stratton and members of our laboratories for help with this work.

Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: AKJ MCB.

Performed the experiments: AKJ KA RJM. Analyzed the data: AKJ MCB.

Contributed reagents/materials/analysis tools: MI EM MK TPZ. Wrote

the paper: AKJ MCB.

p53 Drives Differentiation of hES Cells

PLoS Biology | www.plosbiology.org 14 February 2012 | Volume 10 | Issue 2 | e1001268



References

1. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et al.
(1998) Embryonic stem cell lines derived from human blastocysts. Science 282:

1145–1147.

2. Pera MF, Reubinoff B, Trounson A (2000) Human embryonic stem cells. J Cell
Sci 113: 5–10.

3. Lee TI, Jenner RG, Boyer LA, Guenther MG, Levine SS, et al. (2006) Control

of developmental regulators by Polycomb in human embryonic stem cells. Cell
125: 301–313.

4. Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, et al. (2005) Core

transcriptional regulatory circuitry in human embryonic stem cells. Cell 122:
947–956.

5. Jaenisch R, Young R (2008) Stem cells, the molecular circuitry of pluripotency

and nuclear reprogramming. Cell 132: 567–582.

6. Kim J, Chu J, Shen X, Wang J, Orkin SH (2008) An extended transcriptional

network for pluripotency of embryonic stem cells. Cell 132: 1049–1061.

7. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, et al. (2006) A
bivalent chromatin structure marks key developmental genes in embryonic stem

cells. Cell 125: 315–326.

8. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126:

663–676.

9. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, et al.
(2007) Induced pluripotent stem cell lines derived from human somatic cells.

Science 318: 1917–1920.

10. Stead E, White J, Faast R, Conn S, Goldstone S, et al. (2002) Pluripotent cell
division cycles are driven by ectopic Cdk2, cyclin A/E and E2F activities.

Oncogene 21: 8320–8333.

11. Orford KW, Scadden DT (2008) Deconstructing stem cell self-renewal: genetic
insights into cell-cycle regulation. Nat Rev Genet 9: 115–128.

12. Jirmanova L, Afanassieff M, Gobert-Gosse S, Markossian S, Savatier P (2002)

Differential contributions of ERK and PI3-kinase to the regulation of cyclin D1
expression and to the control of the G1/S transition in mouse embryonic stem

cells. Oncogene 21: 5515–5528.

13. Becker KA, Ghule PN, Therrien JA, Lian JB, Stein JL, et al. (2006) Self-renewal
of human embryonic stem cells is supported by a shortened G1 cell cycle phase.

J Cell Physiol 209: 883–893.

14. White J, Dalton S (2005) Cell cycle control of embryonic stem cells. Stem Cell
Rev 1: 131–138.

15. Hong H, Takahashi K, Ichisaka T, Aoi T, Kanagawa O, et al. (2009)

Suppression of induced pluripotent stem cell generation by the p53-p21
pathway. Nature 460: 1132–1135.

16. Li H, Collado M, Villasante A, Strati K, Ortega S, et al. (2009) The Ink4/Arf

locus is a barrier for iPS cell reprogramming. Nature 460: 1136–1139.

17. Kawamura T, Suzuki J, Wang YV, Menendez S, Morera LB, et al. (2009)
Linking the p53 tumour suppressor pathway to somatic cell reprogramming.

Nature 460: 1140–1144.

18. Utikal J, Polo JM, Stadtfeld M, Maherali N, Kulalert W, et al. (2009)
Immortalization eliminates a roadblock during cellular reprogramming into iPS

cells. Nature 460: 1145–1148.

19. Marion RM, Strati K, Li H, Murga M, Blanco R, et al. (2009) A p53-mediated

DNA damage response limits reprogramming to ensure iPS cell genomic

integrity. Nature 460: 1149–1153.

20. Hanna J, Saha K, Pando B, van Zon J, Lengner CJ, et al. (2009) Direct cell

reprogramming is a stochastic process amenable to acceleration. Nature 462:

595–601.

21. Wang Y, Keys DN, Au-Young JK, Chen C (2009) MicroRNAs in embryonic

stem cells. J Cell Physiol 218: 251–255.

22. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116: 281–297.

23. Wang Y, Medvid R, Melton C, Jaenisch R, Blelloch R (2007) DGCR8 is

essential for microRNA biogenesis and silencing of embryonic stem cell self-
renewal. Nat Genet 39: 380–385.

24. Melton C, Judson RL, Blelloch R (2010) Opposing microRNA families regulate

self-renewal in mouse embryonic stem cells. Nature 463: 621–626.

25. Morin RD, O’Connor MD, Griffith M, Kuchenbauer F, Delaney A, et al. (2008)
Application of massively parallel sequencing to microRNA profiling and

discovery in human embryonic stem cells. Genome Res 18: 610–621.

26. Laurent LC, Chen J, Ulitsky I, Mueller FJ, Lu C, et al. (2008) Comprehensive
microRNA profiling reveals a unique human embryonic stem cell signature

dominated by a single seed sequence. Stem Cells 26: 1506–1516.

27. Gu P, LeMenuet D, Chung AC, Mancini M, Wheeler DA, et al. (2005) Orphan
nuclear receptor GCNF is required for the repression of pluripotency genes

during retinoic acid-induced embryonic stem cell differentiation. Mol Cell Biol
25: 8507–8519.

28. Han MK, Song EK, Guo Y, Ou X, Mantel C, et al. (2008) SIRT1 regulates

apoptosis and Nanog expression in mouse embryonic stem cells by controlling
p53 subcellular localization. Cell Stem Cell 2: 241–251.

29. Chia NY, Chan YS, Feng B, Lu X, Orlov YL, et al. (2010) A genome-wide

RNAi screen reveals determinants of human embryonic stem cell identity.
Nature 468: 316–320.

30. Murray-Zmijewski F, Slee EA, Lu X (2008) A complex barcode underlies the

heterogeneous response of p53 to stress. Nat Rev Mol Cell Biol 9: 702–712.

31. Ito A, Lai CH, Zhao X, Saito S, Hamilton MH, et al. (2001) p300/CBP-
mediated p53 acetylation is commonly induced by p53-activating agents and

inhibited by MDM2. EMBO J 20: 1331–1340.

32. Balasubramanyam K, Varier RA, Altaf M, Swaminathan V, Siddappa NB, et al.
(2004) Curcumin, a novel p300/CREB-binding protein-specific inhibitor of

acetyltransferase, represses the acetylation of histone/nonhistone proteins and
histone acetyltransferase-dependent chromatin transcription. J Biol Chem 279:

51163–51171.

33. Calvanese V, Lara E, Suarez-Alvarez B, Abu Dawud R, Vazquez-Chantada M,
et al. (2010) Sirtuin 1 regulation of developmental genes during differentiation of

stem cells. Proc Natl Acad Sci U S A 107: 13736–13741.

34. Li M, Luo J, Brooks CL, Gu W (2002) Acetylation of p53 inhibits its

ubiquitination by Mdm2. J Biol Chem 277: 50607–50611.
35. Jain AK, Barton MC (2009) Regulation of p53: TRIM24 enters the RING. Cell

Cycle 8: 3668–3674.

36. Brooks CL, Gu W (2006) p53 ubiquitination: Mdm2 and beyond. Mol Cell 21:
307–315.

37. Montes de Oca Luna R, Wagner DS, Lozano G (1995) Rescue of early

embryonic lethality in mdm2-deficient mice by deletion of p53. Nature 378:
203–206.

38. Allton K, Jain AK, Herz HM, Tsai WW, Jung SY, et al. (2009) Trim24 targets

endogenous p53 for degradation. Proc Natl Acad Sci U S A 106: 11612–11616.

39. Ashcroft M, Vousden KH (1999) Regulation of p53 stability. Oncogene 18:
7637–7643.

40. Lin T, Chao C, Saito S, Mazur SJ, Murphy ME, et al. (2005) p53 induces

differentiation of mouse embryonic stem cells by suppressing Nanog expression.
Nat Cell Biol 7: 165–171.

41. Aladjem MI, Spike BT, Rodewald LW, Hope TJ, Klemm M, et al. (1998) ES

cells do not activate p53-dependent stress responses and undergo p53-
independent apoptosis in response to DNA damage. Curr Biol 8: 145–155.

42. Becker KA, Stein JL, Lian JB, van Wijnen AJ, Stein GS (2007) Establishment of

histone gene regulation and cell cycle checkpoint control in human embryonic
stem cells. J Cell Physiol 210: 517–526.

43. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ (1993) The p21 Cdk-

interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases.

Cell 75: 805–816.
44. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, et al. (1993)

WAF1, a potential mediator of p53 tumor suppression. Cell 75: 817–825.

45. Savatier P, Huang S, Szekely L, Wiman KG, Samarut J (1994) Contrasting
patterns of retinoblastoma protein expression in mouse embryonic stem cells and

embryonic fibroblasts. Oncogene 9: 809–818.

46. Ivanova N, Dobrin R, Lu R, Kotenko I, Levorse J, et al. (2006) Dissecting self-
renewal in stem cells with RNA interference. Nature 442: 533–538.

47. Liu G, Parant JM, Lang G, Chau P, Chavez-Reyes A, et al. (2004) Chromosome

stability, in the absence of apoptosis, is critical for suppression of tumorigenesis in
Trp53 mutant mice. Nat Genet 36: 63–68.

48. Liu G, McDonnell TJ, Montes de Oca Luna R, Kapoor M, Mims B, et al. (2000)

High metastatic potential in mice inheriting a targeted p53 missense mutation.

Proc Natl Acad Sci U S A 97: 4174–4179.
49. Yamakuchi M, Ferlito M, Lowenstein CJ (2008) miR-34a repression of SIRT1

regulates apoptosis. Proc Natl Acad Sci U S A 105: 13421–13426.

50. Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, et al.
(2007) Transactivation of miR-34a by p53 broadly influences gene expression

and promotes apoptosis. Mol Cell 26: 745–752.

51. Sun F, Fu H, Liu Q, Tie Y, Zhu J, et al. (2008) Downregulation of CCND1 and
CDK6 by miR-34a induces cell cycle arrest. FEBS Lett 582: 1564–1568.

52. Gu W, Roeder RG (1997) Activation of p53 sequence-specific DNA binding by

acetylation of the p53 C-terminal domain. Cell 90: 595–606.

53. Xu N, Papagiannakopoulos T, Pan G, Thomson JA, Kosik KS (2009)
MicroRNA-145 regulates OCT4, SOX2, and KLF4 and represses pluripotency

in human embryonic stem cells. Cell 137: 647–658.

54. Sachdeva M, Zhu S, Wu F, Wu H, Walia V, et al. (2009) p53 represses c-Myc
through induction of the tumor suppressor miR-145. Proc Natl Acad Sci U S A

106: 3207–3212.

55. Gartel AL, Ye X, Goufman E, Shianov P, Hay N, et al. (2001) Myc represses the
p21(WAF1/CIP1) promoter and interacts with Sp1/Sp3. Proc Natl Acad

Sci U S A 98: 4510–4515.

56. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB (2003) Prediction
of mammalian microRNA targets. Cell 115: 787–798.

57. Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, et al. (2005) Combinatorial

microRNA target predictions. Nat Genet 37: 495–500.

58. Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell

120: 15–20.

59. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ (2006)
miRBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids

Res 34: D140–D144.

60. Taylor WR, Stark GR (2001) Regulation of the G2/M transition by p53.
Oncogene 20: 1803–1815.

p53 Drives Differentiation of hES Cells

PLoS Biology | www.plosbiology.org 15 February 2012 | Volume 10 | Issue 2 | e1001268



61. Zuckerman V, Wolyniec K, Sionov RV, Haupt S, Haupt Y (2009) Tumour

suppression by p53: the importance of apoptosis and cellular senescence. J Pathol
219: 3–15.

62. Vousden KH, Prives C (2009) Blinded by the light: the growing complexity of

p53. Cell 137: 413–431.
63. Levine AJ, Puzio-Kuter AM (2010) The control of the metabolic switch in

cancers by oncogenes and tumor suppressor genes. Science 330: 1340–1344.
64. Meletis K, Wirta V, Hede SM, Nister M, Lundeberg J, et al. (2006) p53

suppresses the self-renewal of adult neural stem cells. Development 133:

363–369.
65. Liu Y, Elf SE, Miyata Y, Sashida G, Huang G, et al. (2009) p53 regulates

hematopoietic stem cell quiescence. Cell Stem Cell 4: 37–48.
66. Qin H, Yu T, Qing T, Liu Y, Zhao Y, et al. (2007) Regulation of apoptosis and

differentiation by p53 in human embryonic stem cells. J Biol Chem 282:
5842–5852.

67. Maimets T, Neganova I, Armstrong L, Lako M (2008) Activation of p53 by

nutlin leads to rapid differentiation of human embryonic stem cells. Oncogene
27: 5277–5287.

68. Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG, et al. (2001)
Acetylation of p53 activates transcription through recruitment of coactivators/

histone acetyltransferases. Mol Cell 8: 1243–1254.

69. Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, et al. (2004) Gain of function of
a p53 hot spot mutation in a mouse model of Li-Fraumeni syndrome. Cell 119:

861–872.
70. Ruiz S, Panopoulos AD, Herrerias A, Bissig KD, Lutz M, et al. (2011) A high

proliferation rate is required for cell reprogramming and maintenance of human
embryonic stem cell identity. Curr Biol 21: 45–52.

71. Hermeking H (2007) p53 enters the microRNA world. Cancer Cell 12: 414–418.

72. Tarantino C, Paolella G, Cozzuto L, Minopoli G, Pastore L, et al. (2010)
miRNA 34a, 100, and 137 modulate differentiation of mouse embryonic stem

cells. FASEB J 24: 3255–3263.
73. Lakshmipathy U, Love B, Goff LA, Jornsten R, Graichen R, et al. (2007)

MicroRNA expression pattern of undifferentiated and differentiated human

embryonic stem cells. Stem Cells Dev 16: 1003–1016.
74. Anokye-Danso F, Trivedi CM, Juhr D, Gupta M, Cui Z, et al. (2011) Highly

efficient miRNA-mediated reprogramming of mouse and human somatic cells to
pluripotency. Cell Stem Cell 8: 376–388.

75. Lipchina I, Elkabetz Y, Hafner M, Sheridan R, Mihailovic A, et al. (2011)
Genome-wide identification of microRNA targets in human ES cells reveals a

role for miR-302 in modulating BMP response. Genes Dev 25: 2173–2186.

76. Kim N, Kim H, Jung I, Kim Y, Kim D, et al. (2011) Expression profiles of
miRNAs in human embryonic stem cells during hepatocyte differentiation.

Hepatol Res 41: 170–183.

77. Neveu P, Kye MJ, Qi S, Buchholz DE, Clegg DO, et al. (2010) MicroRNA

profiling reveals two distinct p53-related human pluripotent stem cell states. Cell

Stem Cell 7: 671–681.

78. Choi YJ, Lin CP, Ho JJ, He X, Okada N, et al. (2011) miR-34 miRNAs provide

a barrier for somatic cell reprogramming. Nat Cell Biol 13: 1353–1360.

79. Song H, Chung SK, Xu Y (2010) Modeling disease in human ESCs using an

efficient BAC-based homologous recombination system. Cell Stem Cell 6:

80–89.

80. Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, et al. (1999) p63 is a p53

homologue required for limb and epidermal morphogenesis. Nature 398:

708–713.

81. Yang A, Walker N, Bronson R, Kaghad M, Oosterwegel M, et al. (2000) p73-

deficient mice have neurological, pheromonal and inflammatory defects but lack

spontaneous tumours. Nature 404: 99–103.

82. Keyes WM, Wu Y, Vogel H, Guo X, Lowe SW, et al. (2005) p63 deficiency

activates a program of cellular senescence and leads to accelerated aging. Genes

Dev 19: 1986–1999.

83. Jost CA, Marin MC, Kaelin WG, Jr. (1997) p73 is a simian [correction of

human] p53-related protein that can induce apoptosis. Nature 389: 191–194.

84. Dotsch V, Bernassola F, Coutandin D, Candi E, Melino G (2010) p63 and p73,

the ancestors of p53. Cold Spring Harb Perspect Biol 2: a004887.

85. Hu W, Feng Z, Teresky AK, Levine AJ (2007) p53 regulates maternal

reproduction through LIF. Nature 450: 721–724.

86. Armstrong JF, Kaufman MH, Harrison DJ, Clarke AR (1995) High-frequency

developmental abnormalities in p53-deficient mice. Curr Biol 5: 931–936.

87. Sah VP, Attardi LD, Mulligan GJ, Williams BO, Bronson RT, et al. (1995) A

subset of p53-deficient embryos exhibit exencephaly. Nat Genet 10: 175–180.

88. Bosnakovski D, Xu Z, Gang EJ, Galindo CL, Liu M, et al. (2008) An isogenetic

myoblast expression screen identifies DUX4-mediated FSHD-associated molec-

ular pathologies. EMBO J 27: 2766–2779.

89. Lois C, Hong EJ, Pease S, Brown EJ, Baltimore D (2002) Germline transmission

and tissue-specific expression of transgenes delivered by lentiviral vectors.

Science 295: 868–872.

90. Agha-Mohammadi S, O’Malley M, Etemad A, Wang Z, Xiao X, et al. (2004)

Second-generation tetracycline-regulatable promoter: repositioned tet operator

elements optimize transactivator synergy while shorter minimal promoter offers

tight basal leakiness. J Gene Med 6: 817–828.

91. Perlingeiro RC, Kyba M, Daley GQ (2001) Clonal analysis of differentiating

embryonic stem cells reveals a hematopoietic progenitor with primitive erythroid

and adult lymphoid-myeloid potential. Development 128: 4597–4604.

p53 Drives Differentiation of hES Cells

PLoS Biology | www.plosbiology.org 16 February 2012 | Volume 10 | Issue 2 | e1001268


