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D40p53 is a transactivation-deficient isoform of the tumor suppressor p53. We discovered that D40p53, in addition
to being highly expressed in embryonic stem cells (ESCs), is the major p53 isoform during early stages of
embryogenesis in the mouse. By altering the dose of D40p53 in ESCs, we identified a critical role for this isoform
in maintaining the ESC state. Haploinsufficiency for D40p53 causes a loss of pluripotency in ESCs and acquisition
of a somatic cell cycle, while increased dosage of D40p53 prolongs pluripotency and inhibits progression to a more
differentiated state. D40p53 controls the switch from pluripotent ESCs to differentiated somatic cells by
controlling the activity of full-length p53 at critical targets such as Nanog and the IGF-1 receptor (IGF-1R). The
IGF axis plays a central role in the switch between pluripotency and differentiation in ESCs—and D40p53, by
controlling the level of the IGF-1R, acts as a master regulator of this switch. We propose that this is the primary
function of D40p53 in cells of the early embryo and stem cells, which are the only normal cells in which this
isoform is expressed.
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p53 prevents cancer growth by activating cell cycle arrest
and apoptosis programs in stressed cells, and has been
shown recently to inhibit the reprogramming of somatic
cells into induced pluripotent stem cells (iPS) using many
of the same mechanisms. Depleting p53 levels by either
shRNA or homologous recombination significantly in-
creased the reprogramming efficiency of mouse embry-
onic fibroblasts (MEFs) (Hong et al. 2009; Kawamura et al.
2009; Li et al. 2009; Marion et al. 2009) and even enabled
the reprogramming of cell types that normally are unable
to generate iPS cells (Utikal et al. 2009). p53 is also an
important regulator of pluripotency in normal embryonic
stem cells (ESCs) (Lin et al. 2005; Maimets et al. 2008),
which are derived from the inner cell mass of blastocyst-
stage embryos and, like iPS cells, are pluripotent and
capable of differentiating to form all cell lineages in the
body. Although ESCs have high basal levels of p53, they
do not undergo normal p53-mediated cell cycle arrest, ap-
optosis, or senescence following DNA damage (Aladjem
et al. 1998; Corbet et al. 1999). Rather, p53 appears to
respond to DNA damage signals in ESCs by promoting
differentiation (Lin et al. 2005; Maimets et al. 2008). The

factors controlling this activity in ESCs remain poorly
understood.

Emerging evidence that p53 is actually a family of
several different protein isoforms that can interact with
and modulate the activity of full-length p53 may provide
at least a partial explanation. Currently, there are nine
known p53 isoforms that are generated by alternate
promoter usage (Bourdon et al. 2005), alternative splicing
(Ghosh et al. 2004; Bourdon et al. 2005), or alternative
translation of a common RNA transcript (Courtois et al.
2002; Lin et al. 2005; for review, see Hollstein and
Hainaut 2010). Ectopic overexpression of the largest of
these isoforms, known as D40p53 (also referred to as
DNp53 or p47 in humans and p44 in the mouse), causes
p53-dependent progeria and reduced life span in mice
(Maier et al. 2004) and impairs the regenerative capacity
of adult stem cells (Medrano et al. 2009). In this study, we
extended our analysis of the role of D40p53 in stem cells
to include ESCs. In contrast to our results in somatic stem
cells, ectopic overexpression of D40p53 in ESCs actually
enhances stem cell regenerative capacity by maintaining
pluripotency and the abbreviated ESC cell cycle that
allows for robust proliferation and growth. Loss of even
one copy of D40p53 in ESCs, on the other hand, induces
a rapid down-regulation of proliferation, loss of stem cell
factors, and acquisition of a somatic cell cycle. We provide
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a mechanism by which the level of D40p53 regulates this
switch from pluripotency to differentiation by controlling
the expression of Nanog and the IGF-1 receptor (IGF-1R).

Results

D40p53 is highly and specifically expressed in ESCs

To analyze p53 isoform expression in ESCs, we used
Western blot analysis with monoclonal antibodies recog-
nizing distinct epitopes in the N and C termini of p53 (Fig.
1A). In addition to full-length p53, PAb248, which recog-
nizes an epitope common to all p53 isoforms, detected
a second prominent p53 isoform that migrated with an
apparent molecular weight of ;44 kDa (Fig. 1B, top panel).
D40p53 is the largest of the short p53 isoforms, with an
apparent molecular weight of 44 kDa in the mouse.

However, two C-terminal p53 variants of similar size (42
kDa)—p53b and p53g—have been identified in human
cells (Bourdon et al. 2005). To discriminate between these
three isoforms, we used D0-1, which recognizes an
epitope between amino acids 21 and 25 of human p53
(Stephen et al. 1995), and PAb421, which targets a highly
conserved epitope in mouse and human p53 at amino
acids 371–378 (Yewdell et al. 1986). D0-1 detected a band
;40 kDa in both mouse (Fig. 1B) and human (Supple-
mental Fig. S1A) ESCs. Based on the apparent molecular
weight and the presence of an intact N terminus, this
40-kDa species could represent either p53b or p53g,
which in either case is expressed at a relatively low level.
The C-terminal antibody PAb421 reacted very strongly to
full-length p53 at 50 kDa, and to the 44-kDa isoform in ESC
lysates (Fig. 1B). Together with the lack of D0-1 reactivity,
the PAb421 recognition pattern strongly suggests that the

Figure 1. D40p53 is highly expressed in undif-
ferentiated ESCs and early post-implantation
embryos. (A) Schematic representation of
pertinent p53 protein isoforms. The major
functional domains are described fully in the
text. (Yellow) Primary transactivation domain
(AD1); (red) second transactivation domain
(AD2) and proline-rich domain (PRD); (blue)
DNA-binding domain (DBD); (gray) tetrame-
rization domain (TD); (green) basic domain
(BD). (Arrowheads) Locations of epitopes rec-
ognized by the p53 antibodies used in these
studies. CM5 is a polyclonal antibody that
recognizes multiple unknown epitopes (Lane
et al. 1996). (B–E) p53 isoform expression in
mouse cells and tissues. All cells and tissues
were derived from ICR mice, unless otherwise
indicated. (B) Mouse ESCs and MEFs. (C)
Adult tissues. (D) EBs differentiated for 5
d (EB5) or 9 d (EB9) prior to harvest; the table
gives the quantitation of each isoform nor-
malized to actin. (E) Embryos derived from
natural matings, with extraembryonic tissues
removed prior to analysis; timings are indi-
cated in days post-coitum (dpc); the table
gives the quantitation of each isoform nor-
malized to GAPDH. (F) Subcellular localiza-
tion of D40p53 and p53 in ESCs. Nuclear (N)
and cytosolic (C) cell fractions isolated from
normal 129/SvJ and ICR or p44Tg ESCs and
analyzed by Western blotting. Ratios of nor-
malized values of D40p53 to full-length p53
are indicated below each lane. (G) Immuno-
localization of p53 in ESCs. Immunofluores-
cent staining for PAb248 (top, green) and
PAb421 (bottom, green) was performed on
wild-type 129/SvJ ESCs, and nuclei were coun-
terstained with DRAQ5. Images are 1 mM
confocal sections collected using a Zeiss
Std510 microscope; red dashed lines were
traced around the nuclear envelope boundary,
and white dashed lines were traced around
the outer cell membrane. Bar, 10 mm. See also
Supplemental Figure S1.
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44-kDa p53 species is D40p53. To confirm the identity of
this smaller isoform, we performed mass spectrometry
following immunoprecipitation with PAb248 and isolation
of the band migrating at 44 kDa on SDS-PAGE. The p53-
related peptides spanned the proline-rich domain, DNA-
binding domain, and basic domain (Fig. 1A), but did not
include the primary transactivation domain in the N ter-
minus of p53, consistent with D40p53 but no other isoform
(Supplemental Fig. S1C–E). We conclude that full-length
p53 and D40p53 are highly expressed in mouse ESCs, and
that p53b/p53g is also present, although at a much lower
level. Human ESCs show a similar pattern of p53 isoform
expression (Supplemental Fig. S1A).

The relatively high level of both p53 and D40p53 in
ESCs is in stark contrast to the levels in normal adult
tissues, where there is little or no constitutive expression
of either isoform (Fig. 1C). To determine if this might
reflect loss of D40p53 with progression to a more differen-
tiated state, we compared p53 isoform expression in ESCs
and embryoid bodies (EBs). As shown in Figure 1D, we
found that the levels of p53 and D40p53 protein declined in
EBs relative to undifferentiated ESCs, and that the level of
D40p53 continued to decrease with longer periods of EB
culture coincident and in parallel with the loss of stem cell
markers such as Oct4 (Pou5f1). This decrease in D40p53
protein during EB differentiation was not the result of
decreased mRNA expression (Supplemental Fig. S2A).
These data demonstrate that D40p53 is expressed most
prominently in ESCs, and that D40p53 expression declines
during ESC differentiation by a mechanism involving post-
transcriptional rather than transcriptional alterations in
gene expression.

To determine if the high level of D40p53 in ESCs is an
accurate reflection of D40p53 expression during early
embryogenesis, we harvested embryos from naturally
mated females, isolated protein, and performed Western
blotting using the p53 antibodies PAb248 and PAb421.
We detected appreciable levels of D40p53 beginning at 6.5
d post-coitum (dpc) in embryonic tissues using antibody
PAb421 (Fig. 1E). Full-length p53, on the other hand, did
not begin to be expressed until 9.5 dpc. We did not find
p53 or D40p53 in any of these embryos using PAb248,
which we attribute to phosphorylation-dependent changes
in epitope recognition (Supplemental Fig. S1F). In sum-
mary, our findings reveal that D40p53 is an embryonic
isoform of p53 whose expression is highest in pluripotent
stem and progenitor cells prior to the onset of terminal
differentiation. In mouse embryogenesis, D40p53 can first
be detected in early post-implantation embryos, several
days before the appearance of full-length p53.

D40p53 is in both the nucleus and cytoplasm
of ESCs, but is differentially phosphorylated

To determine if D40p53 might regulate the activity of
full-length p53 in ESCs, we first had to determine if the
two isoforms colocalized within the cell. To do this, we
fractionated ESCs into nuclear and cytoplasmic compart-
ments and analyzed isoform expression by Western blot
using PAb248 and PAb421. Both antibodies detected full-

length p53 in both the nucleus and cytosol (Fig. 1F). Both
antibodies also detected D40p53 in the nucleus, but only
PAb421 detected this isoform in the cytoplasm (Fig. 1F).
As epitope recognition by PAb421 and PAb248 is oppo-
sitely affected by phosphorylation, we could also deter-
mine the subcellular localization of phosphorylated and
unphosphorylated forms of p53 and D40p53 with these
data. Phosphorylation blocks the epitope recognized by
PAb421 (Warnock et al. 2005); therefore, unphosphory-
lated D40p53 predominates in the cytoplasm. On the
other hand, phosphorylation is necessary for recognition
by PAb248 (Supplemental Fig. S1F), indicating that phos-
phorylated D40p53 predominates in the nucleus. This in
contrasts to p53, which exists in both phosphorylated and
unphosphorylated forms in both the nucleus and cyto-
plasm. We found a similar pattern of reactivity in human
ESCs, except that phosphorylation of nuclear D40p53 was
reduced relative to mouse ESCs (Supplemental Fig. S1B).

Immunocytochemistry and confocal imaging confirmed
the differential localization of phosphorylated and unphos-
phorylated forms of p53 and D40p53 (Fig. 1G). The nuclear
fraction of phosphorylated p53 and D40p53 detected by
PAb248 localizes to the perimeter of the nucleus, appar-
ently just inside the nuclear envelope (Fig. 1G, top). In
mitotic cells in which the chromosomes are condensed
and the nuclear envelope is disassembled (Fig. 1G, arrow-
heads), this pattern is lost and staining becomes uniformly
distributed. PAb421 staining, on the other hand, was pre-
dominantly cytosolic (Fig. 1G, bottom). Thus, while the
distribution of phosphorylated and unphosphorylated forms
of p53 appears to be similar in the nucleus and cytoplasm of
ESCs, D40p53 is distributed unevenly, with phosphorylated
D40p53 in the nucleus and unphosphorylated D40p53 in the
cytoplasm.

D40p53 promotes ESC survival

Subcellular fractionation and immunocytological data
demonstrated that full-length p53 and D40p53 are localized
to the same areas in ESCs. To explore the hypothesis that
complexes between these two isoforms might regulate p53
function in ESCs, we used genetic means to increase or
decrease the level of D40p53 in ESCs. To generate ESCs
with an increased dose of D40p53, we used a line of trans-
genic mice that have, in addition to their two normal p53
alleles, an ectopic copy of p53 in which the start site for
full-length p53 is missing (p44Tg mice). Compared with
normal ESCs, ESCs derived from p44Tg embryos express
slightly higher levels of D40p53 (Fig. 2A).

This increase in D40p53 expression appears to facilitate
the generation of ESC lines from ICR (CD-1) blastocysts,
which are notoriously difficult to derive compared with
other laboratory strains (Suzuki et al. 1999). Using stan-
dard culture techniques (Nagy et al. 2003), we were able
to derive two ESC lines from five p44Tg blastocysts (for a
cloning efficiency of 40%), but no lines from 38 non-
transgenic blastocysts (Fig. 2B). To begin to understand
this ESC cloning advantage, we compared the growth and
death rates of p44Tg ESCs with normal ICR ESCs pro-
vided by Dr. Robin Wesselschmidt (Primogenix, Inc., Los
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Angeles, CA). Although the growth rates of p44Tg ESCs
(Fig. 2C, blue lines) and ICR ESCs (Fig. 2C, red line) were
indistinguishable from one another, cell death in cultures
of p44Tg ESCs was significantly less than in cultures of
normal ESCs both under basal conditions (Fig. 2D, gray
bars) and after genotoxic stress (Fig. 2D, black bars). In
contrast to these differences in cell death rates, FACS
analysis (Fig. 2E,F) indicated that p44Tg ESCs have the
same cell cycle distribution as normal ESCs. We conclude
that the increase in cell survival during p44Tg embryo
culture and ESC isolation is due primarily to reduced cell
death, probably by apoptosis, and not impaired growth.
This suggests that D40p53 regulates the normal ESC
response to stress mediated by p53.

Decreased D40p53 leads to cell cycle arrest
and a spontaneous loss of ESC pluripotency

To generate ESCs with reduced D40p53 expression, we
used site-directed PCR mutagenesis to generate a muta-
tion that eliminates the start codon for D40p53 in exon 4
(M41A) (Fig. 3A). We inserted a floxed neomycin selection
cassette with a poly-A-STOP (pA-STOP) sequence into
intron 4 of the targeting vector to prevent indeterminate
expression in recombinant ESCs. Prior to Cre recombinase-
mediated recombination, transcription of the p53Dp44STOP

allele (Fig. 3B) terminates at the pA-STOP sequence and
produces a nonfunctional fragment of p53 containing only
exons 1–4, making p53+/Dp44STOP ESCs functionally p53+/�.
We identified nine correctly targeted ESC clones by South-
ern blot (Fig. 3C) and DNA sequence analysis. Following
electroporation of Cre recombinase, we used replica plating
and neomycin selection to identify G418-sensitive p53+/Dp44

colonies, then confirmed recombination of the p53Dp44

allele using PCR (Fig. 3D). As expected, p53+/Dp44 ESCs
expressed normal levels of full-length p53, but only half
the amount of D40p53 found in wild-type ESCs (Fig. 3E).

Compared with the parental p53+/Dp44STOP ESCs, p53+/Dp44

ESCs exhibited a rapid and profound growth arrest. As
shown in Figure 3F, the number of p53+/Dp44 ESCs (blue
lines) increased at a much slower rate than that of wild-
type 129/SvJ ESCs (red lines) or p53+/Dp44STOP ESCs (black
lines). This difference was not due to increased cell death
(Fig. 3G). Rather, we found by FACS analysis that the
majority of p53+/Dp44 ESCs exhibited a highly unusual cell
cycle distribution, with most cells in the G0/G1 fraction
compared with normal ESCs, which were found primarily
in the S fraction (Fig. 3H). This cell cycle profile of p53+/Dp44

ESCs is indistinguishable from that of somatic cells,
typified by that of MEFs (Fig. 3I, cf. green and blue bars).
These results demonstrate that differences in the growth
characteristics of p53+/Dp44 ESCs arise from alterations to
the cell cycle such that the p53+/Dp44 cell cycle resembles
that of a typical somatic cell rather than that of an ESC.

To determine if haploinsufficiency for D40p53 might
have caused cells to lose stem cell characteristics, we
assessed the expression of the ESC-specific surface marker
SSEA-1 using flow cytometry. We found that only 5% of
p53+/Dp44 cells exhibited SSEA-1 reactivity compared with
93% of normal ESCs (Fig. 4A). The parental p53+/Dp44STOP

ESCs exhibited SSEA-1 expression levels similar to that
of normal ESCs, thereby demonstrating that the loss of
SSEA-1 in p53+/Dp44 cells is the specific result of the re-
duction in D40p53 rather than a side effect of the gene
targeting. Using Western blot analysis, we confirmed the
loss of the stem cell/pluripotency factors Nanog and Oct4

Figure 2. D40p53 promotes ESC survival. (A)
p53 isoform expression in normal and p44Tg
ESCs and EBs. Western blot reacted with
PAb248 for p53 isoform expression and actin
for total protein. (B) Derivation of ESCs from
wild-type (ICR) and p44Tg embryos. The in-
ner cell mass (ICM) was isolated from each
embryo that survived to the expanded blas-
tocyst stage. Cloning efficiency is calculated
as the number of ESC lines established from
all inner cell masses picked. (C) Growth
curves of p44Tg (blue) and nontransgenic
(red) ESCs. Data points represent the aver-
age 6 SD of triplicate samples counted daily.
Three to five replica assays were performed
per cell group. Two independent clones of
p44Tg ESCs were analyzed, and are desig-
nated by the solid and dashed lines. (D)
Apoptosis in stressed and unstressed ESCs.
Apoptosis is expressed as the percentage of
Annexin V-positive cells in FACS-sorted
populations. (*) P < 0.005 (Pearson’s x2 test).
(Gray bars) Untreated cells; (black bars) cells
treated with 10 mg/mL etoposide. (E,F) Cell
cycle profiles of ICR and p44Tg ESCs. (E)
DNA content in ICR (left) and p44Tg (right)

ESCs analyzed by FACS and MODFIT. (F) Cell cycle distribution in ICR (red bars) and p44Tg (blue bars) ESCs. Values represent mean 6

SEM of six to 10 samples per genotype.
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in p53+/Dp44 cells (Fig. 4B). Furthermore, p53+/Dp44 ESCs
formed colonies in which only a few cells exhibited low
alkaline phosphatase (AP) expression, whereas normal
ESCs exhibited the typical ESC morphology of large,
well-defined colonies and high AP activity (Fig. 4C).
Together, these data show that loss of only one dose of
D40p53 causes loss of pluripotency in ESCs. p53+/Dp44

ESCs no longer display the unique ESC characteristics of
a rapid cell cycle with short gap phases, elevated AP
activity, and high SSEA-1, Nanog, and Oct4 expression,
suggesting that a reduction in D40p53 favors differentia-
tion over pluripotency.

We next evaluated the expression of lineage-specific
differentiation markers in p53+/Dp44 cells to determine
if these cells had entered a known differentiation path-
way. We found no differences in the levels of the early
mesoderm marker Brachury or the early neural marker
Nestin (data not shown), but discovered that the endo-
dermal marker GATA-4 had an altered expression pattern
in p53+/Dp44 compared with normal ESCs. GATA-4 is a 50-
kDa transcription factor that requires post-translational
modification by sumoylation to activate cardiogenic genes
in pluripotent cells (Wang et al. 2004). Stepwise addition of

sumo moieties on GATA-4 generates a ladder of multi-
sumoylated GATA-4 species that migrate between 60 and
75 kDa. As shown in Figure 4D, p53+/Dp44 cells had reduced
levels of the unmodified GATA-4 protein at 50 kDa and
increased expression of multisumoylated GATA-4 species
at 60–75 kDa compared with normal ESCs. This suggests
that p53+/Dp44 cells have undergone precocious differenti-
ation along an endodermal pathway.

Increased D40p53 inhibits ESC differentiation

Based on the spontaneous loss of pluripotency in p53+/Dp44

cells, we predicted that an additional dose of D40p53 might
have the opposite effect of promoting ESC pluripotency
and impeding differentiation. To test this hypothesis, we
used a modified EB culture system to compare the differ-
entiation potential of p44Tg and normal (ICR) ESCs. We
found that, after 4 d in culture, EBs derived from p44Tg
ESCs had significantly larger diameters (Fig. 5A) and higher
survival rates (Fig. 5B) than EBs derived from ICR ESCs.
Next, we used a monolayer differentiation protocol to
investigate the effect of D40p53 on cell proliferation during
ESC differentiation. As shown in Figure 5C, p44Tg cells

Figure 3. D40p53 is required for ESC pro-
liferation. (A,B) Gene targeting strategy
used to generate ESCs with reduced levels
of D40p53. (A) Homologous recombination
between the normal p53 allele (top) and the
Dp44 targeting vector (bottom) results in
replacement of Met41 with Ala41 and in-
sertion of a floxed neomycin selection
cassette with a pA-STOP sequence. (B) Re-
sultant Dp44STOP allele. Primers used to
detect the mutant allele following Cre recom-
binase-mediated deletion of the Neo-STOP
cassette are illustrated below. (C) Identifica-
tion of correctly targeted clones by Southern
blot analysis. In HindIII-digested DNA, the
normal allele is 6 kb and the recombinant
allele is 9 kb due to the insertion of the Neo-
STOP cassette. (*) Correctly targeted hetero-
zygous p53+/Dp44STOP ESC clones. (D) Identi-
fication of p53+/Dp44 ESCs by PCR analysis.
Ethidium bromide (EtBr)-stained gel of PCR
products before (Dp44STOP) and after
[Dp44(1) and Dp44(2)] transduction of ESCs
with Cre recombinase. F(p53); R(Neo) (top)
and F(loxP); R(p53) (middle) primer pairs
are shown in B. (Bottom) Actin and control
primers. (E) p53 isoform expression in wild-
type 129/SvJ, Dp44STOP, and Dp44 ESCs.
Western blot reacted with PAb421 for p53
isoform expression and actin for total pro-
tein. (F) Growth curves of wild-type (129/
SvJ) (red), heterozygous p53+/Dp44 (blue),

and p53+/Dp44STOP (black) ESCs. Data points represent the mean of triplicate samples counted daily. Two different clones were
analyzed for each genotype, designated by the solid versus dashed lines. (G) Cell viability of p53+/Dp44 ESCs (blue) relative to wild-type
(129/SvJ) (red) and p53+/Dp44STOP (black). Values represent the mean percentage of dead cells 6 SEM. Dead cells were determined by
LIVE/DEAD assay (Invitrogen) and total cells were determined by counting DAPI-positive nuclei. (**) P < 0.005 (Pearson’s x2 test). (H,I)
Cell cycle profiles of normal and mutant ESCs. (H) DNA content in wild-type 129/SvJ (left) and p53+/Dp44 (right) ESCs analyzed by FACS
and MODFIT. (I) Cell cycle distribution in 129/SvJ (red), p53+/Dp44STOP (black), and p53+/Dp44 (blue) ESCs or MEFs (green). Values
represent mean 6 SEM of six to 10 samples per genotype. (***) P < 0.001 (two-tailed Student’s t-test).
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(blue line) divided more rapidly than ICR controls (red line)
at every density tested, indicating that they failed to
reduce their proliferation rates in response to differentia-
tion signals. We also monitored the morphology of p44Tg
and ICR cells during monolayer differentiation culture,
and performed immunocytochemical staining to gauge the
differentiation response of each group. We noticed differ-
ences between p44Tg and ICR cultures as early as the
second day of differentiation (data not shown). ICR ESCs
attached to the tissue culture dish as a monolayer and
adapted a large, flattened morphology after only 7 d, while
p44Tg ESCs continued to grow as large, three-dimensional
colonies (Fig. 5D). We also observed that the ESC marker
SSEA-1 was still highly expressed in p44Tg cells after
14 d of differentiating treatment, whereas SSEA-1 was lost
from ICR cultures within just 3 d of the monolayer
differentiation (Fig. 5D, bottom panels). The stem cell
factors Oct4 and Nanog also failed to decrease sufficiently
in p44Tg EBs (Fig. 5E). Together, these data confirm that
the dose of D40p53 switches ESCs between pluripotency
and differentiation.

D40p53 modulates p53-mediated transcription
of pluripotency genes

To begin to understand how D40p53 might effect this
switch, we analyzed both the total level of p53 isoform
expression and the level of p53 transcriptional activity in
normal and p44Tg ESCs and EBs derived from them. As
indicated previously (Fig. 2A), differentiation into EBs
resulted in a dramatic loss of D40p53 relative to full-
length p53, with p44Tg EBs retaining slightly higher
levels of D40p53 compared with normal EBs. This re-
sulted in dramatic differences in complex formation and
localization, as shown in Figure 6A. In ESCs of both ge-
notypes, higher-order oligomers (dimers and tetramers)
localized to the cytoplasm. As cells differentiated, there
was a general shift of p53 oligomer complexes to the
nucleus in both normal and p44Tg cells; however, p44Tg
EBs retained higher cytosolic levels of p53 dimers and

Figure 4. Reduced D40p53 expression leads to spontaneous loss
of ESC pluripotency. (A) Reduced SSEA-1 expression in ESCs
haplosufficient for D40p53. FloJo FACS analysis of SSEA-1
staining (Y-axis) plotted against forward scatter (FSC) (X-axis)
in wild-type (129/SvJ; left), p53+/Dp44STOP (Dp44STOP; middle),
and p53+/Dp44 (Dp44; right) ESCs. (B) Loss of stem cell markers in
ESCs with reduced D40p53. Western blot analysis of Nanog
and Oct4 expression in p53+/Dp44 (Dp44) cells relative to wild-
type (129/SvJ) or p53+/Dp44STOP (Dp44STOP) ESCs. Dp44(1) and
Dp44(2) represent two unique p53+/Dp44 clones. (C) Decreased AP
activity in ESCs with reduced D40p53. Histochemical detection
of AP activity in p53+/Dp44 (Dp44; bottom), p53+/Dp44STOP

(Dp44STOP; middle), and wild-type (129/SvJ; top) ESC colo-
nies. Images are phase-contrast photomicrographs of cells in-
cubated with a substrate that is converted to a red reaction
product in the presence of AP. Bar, 100 mm. (D) Altered GATA-
4 expression in ESCs with reduced D40p53. Western blot
analysis of GATA-4 expression in p53+/Dp44 (Dp44), wild-type
(129/SvJ), or p53+/Dp44STOP (Dp44STOP) ESCs and embryonic
day 12.5 (E12.5) embryonic tissues. High-molecular-weight
bands correspond to sumoylated forms of GATA-4, and are
described fully in the text.

Figure 5. Increased D40p53 inhibits ESC differentiation. (A)
Larger size of EBs with increased D40p53. Quantitative analysis
of mean diameters of ICR and p44Tg EBs 6 SEM after 4 d of EB
culture. (***) P < 0.001 (two-tailed Student’s t-test). (B) Improved
survival of EBs with increased D40p53 EB viability was calcu-
lated based on the percentage of all wells plated containing at
least one EB after 4 d of culture. Mean survival rates 6 SEM are
displayed. (***) P < 0.001 (two-tailed Student’s t-test). (C–E)
Impaired response to differentiation conditions in cells with
increased D40p53. (C) Proliferation of cells during monolayer
differentiation. Data are displayed as the fold change in cell
number based on the number of ESCs plated on day 1. (Blue)
p44Tg; (red) ICR. (D) Phenotype of cells during monolayer
differentiation. Photomicrographs of ICR and p44Tg ESCs at
days 0, 7, and 14 of monolayer differentiation. (Top panels) Phase
contrast. (Bottom panels) Immunofluorescence with an antibody
against SSEA-1. Original magnification, 403. (E, top panel)
Western blot analysis of Nanog and Oct4 expression in ICR and
p44Tg ESCs and day 5 EBs. Protein quantitation in ESCs (black
bars) and EBs (gray bars), normalized to actin, is displayed below.
The Oct4 antibody detects a doublet at 44/42 kDa; both bands of
the doublet were measured for the quantitation.
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p53/D40p53 heterotetramers relative to normal EBs. These
findings suggest that D40p53 might control the activity of
p53 in the nucleus by sequestering active forms of the
protein in the cytoplasm and preventing the interaction of
p53 with target DNA sequences.

To determine if these changes in composition and
localization of p53 oligomers had functional consequences,
we compared the expression of several p53 target genes in
p53+/Dp44 ESCs, p44Tg ESCs, and EBs to the appropriate
normal controls. We assessed the transactivation function
of p53 via p21 and Mdm2 expression and measured p53
transsuppression function through the Nanog and IGF-1R
genes. As shown in Figure 6, C and D, the differences were
both transcript-specific and depended on whether the cells
were grown under ESC or EB culture conditions. In ESCs,
Nanog expression was significantly elevated in ESCs with
excess D40p53 (Fig. 6C, black bars) and significantly re-
duced in ESCs deficient in D40p53 (Fig. 6D, striped bars).
p21, on the other hand, was reduced in ESCs with excess
D40p53 (Fig. 6C, black bars) and elevated in ESCs deficient
in D40p53 (Fig. 6D, striped bars), although these differences
did not reach statistical significance. In EBs, the only
significant change in p44Tg cells was in the level of p21,
which was reduced compared with normal (Fig. 6C, gray
bars). We did observe the predicted increase in Nanog and
reduction in IGF-1R in p44Tg EBs, but differences were not
statistically significant. Mdm2 was not significantly differ-

ent in cells with varying doses of D40p53 (Fig. 6C,D). These
findings demonstrate that the transcription factor function
of p53 is altered in cells with varying levels of D40p53, and
that this effect is promoter-specific.

To determine if these effects of D40p53 dose are medi-
ated by full-length p53, we assayed the expression of p21
and Nanog in cells in which we experimentally reduced
the amount of p53 relative to D40p53. To do this, we took
advantage of the fact that, although p53 and D40p53 are
both translated from the same mRNA, they have very
different half-lives due to the presence or absence of the
critical N-terminal Mdm2-binding site, which reduces the
half-life of the protein from 9.5 h for D40p53 to ;0.5 h for
full-length p53 (Rovinski et al. 1987). We used a p53 siRNA
to inhibit the p53/D40p53 mRNA in normal ESCs and
assessed target gene expression 48 h post-transfection,
when the p53 protein was depleted by ;90% but the level
of D40p53 protein remained high (Fig. 6B, note specific
loss of p53 relative to D40p53 in si-p53 transfected cells
compared with control siRNA transfected cells). p21 ex-
pression was significantly reduced in p53 siRNA-treated
cells (Fig. 6E, stippled bars), demonstrating that D40p53
cannot sufficiently activate p21 expression in the absence
of full-length p53. Nanog levels were also reduced in p53
siRNA-treated cells (Fig. 6E, stippled bars), indicating that
full-length p53 is also required for D40p53 to block trans-
suppression of the Nanog promoter, such as we observed in

Figure 6. D40p53 modulates p53-medi-
ated transcription of pluripotency genes.
(A) Oligomers of p53 and D40p53 in normal
and p44Tg ESCs and EBs. Representative
Western blot of gluteraldehyde-treated nu-
clear (N) and cytosolic (C) fractions of ICR
and p44Tg ESCs or day 5 EBs (EB5). p53
detection by PAb248. At least four samples
from each genotype were tested, with con-
sistent results. Bands corresponding to the
major oligomers (based on molecular weight)
are labeled according to their composition at
the appropriate positions on the blot. MEF
data are displayed on the far left to illustrate
the distribution of p53 oligomers in cells
lacking D40p53. (B) p53 isoform expression
in normal ESCs following p53 knockdown.
p53 detection by PAb248 Western blot in
normal ICR ESCs 6 or 48 h after treatment
with p53-siRNA (right) or nontarget control
siRNA (left). (C–E) p53 transcriptional activ-
ity in ESCs and EBs with varying doses of
D40p53. (C) p21, Nanog, IGF-1R, and Mdm2
gene expression in ICR and p44Tg ESCs
(black bars) and EBs (gray bars). (D) p21,
Nanog, IGF-1R, and Mdm2 gene expression
in wild-type (WT 129/SvJ; black bars) and
p53+/Dp44 (Dp44; striped bars) ESCs. (E) p21
and Nanog mRNA expression in ICR ESCs,
48 h after transfection with nontarget con-
trol (CTL; black bars) or p53 (stippled bars)
siRNA. (F) ChIP analysis of p53 binding to

the p21, Nanog, and IGF-1R promoters in ICR and p44Tg ESCs. Relative promoter occupancy by p53 in nontransgenic ICR (black bars)
and p44Tg (hatched bars) ESCs was determined by quantitative PCR, with IgG binding used for a negative control. (*) P < 0.05; (***) P <

0.001 (two-tailed Student’s t-test).
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p44Tg ESCs (Fig. 6C, black bars). These findings demon-
strate that the effects of D40p53 on p21 gene activation and
on Nanog gene suppression require full-length p53.

To elucidate the mechanism by which D40p53 modu-
lates the transcription factor function of full-length p53,
we quantified p53 binding to the p21, Nanog, and Igf-1R
promoters in normal and p44Tg ESCs using chromatin
immunoprecipitation (ChIP) analysis. As depicted in Fig-
ure 6F, we found that a lower percentage of the Nanog, p21,
and Igf-1R promoters were bound by p53 in p44Tg ESCs,
consistent with the reduced levels of p21 and increased
levels of Nanog and IGF-1R found in these cells. These
findings demonstrate that D40p53 can block p53 from
binding target promoters, and are consistent with a model
in which an increased dose of D40p53 results in altered
expression of a select subset of p53-responsive genes—
including Nanog and Igf-1R—that are critical for making
the switch from pluripotent ESCs to the more differenti-
ated somatic cells.

D40p53 controls the switch from pluripotency
to differentiation via PI3K and IGF signaling

We focused on the Igf-1R as one p53-responsive gene that
might be critical for the ESC-to-somatic cell transition.
As described in the previous section, IGF-1R mRNA
expression was slightly elevated in p44Tg EBs compared
with ICR (Fig. 6C), and we determined that this result was
likely caused by reduced binding of p53 to the Igf-1R
promoter (Fig. 6F). We observed a significant decrease in
the level of IGF-1R protein in normal ESCs following EB
differentiation, but found that this decrease did not occur
with EB differentiation of p44Tg ESCs (Fig. 7A). As the
IGF-1R is known to play an important role in maintaining
the pluripotent state of human ESCs (Bendall et al. 2007),
we sought to determine if this increase in the level of the
IGF-1R in p44Tg EBs might be responsible for their
delayed differentiation. We compared the growth charac-
teristics and expression of representative stem cell markers
in cells grown under EB culture conditions in the presence
or absence of a blocking antibody against the IGF-1R (IR3)
or a pharmacological inhibitor of IGF signaling (LY294002,
which inactivates PI3K). Both treatments completely re-
versed the accelerated growth of p44Tg EBs (Fig. 7B; Sup-
plemental Fig. S2A). There was no significant additive
effect on growth in EBs treated with both IR3 and LY294002,
demonstrating that the accelerated growth of p44Tg EBs
relative to ICR is mediated solely by increased activity of
the IGF-1R. In contrast, we discovered that pluripotency in
p44Tg EBs could be completely rescued by blocking PI3K,
but only partially by blocking the IGF-1R. As shown in
Figure 7, C and D, treatment of p44Tg EBs with IR3 caused
a slight decrease in Nanog and Oct4 expression, while
inhibition of PI3K with LY294002 (Fig. 7E,F) brought the
levels of Nanog and Oct4 down to that found in normal
EBs. At lower doses of LY294002, there was only partial
rescue, and this was not improved by the addition of IR3
(Supplemental Fig. S2B,C). Together, these data indicate
that D40p53 controls the switch from ESC pluripotency to
differentiation via the IGF-1R and PI3K signaling.

Discussion

Previous studies have established that, although highly
expressed, p53 is inactive in undifferentiated ESCs
(Aladjem et al. 1998; Lin et al. 2005). Our results support
the idea that p53 is maintained in an inactive state by the
presence of D40p53, one of its naturally occurring iso-
forms. We propose that D40p53 is a critical regulator of
p53 in ESCs, where it prevents the loss of pluripotency
associated with p53 activation. Furthermore, we specu-
late that D40p53 may play a similar role during early
post-implantation stages of mammalian embryogenesis,
which share with ESCs the unique characteristic of
high D40p53 expression. Like ESCs, early embryos ex-
press high levels of full-length p53 (Schmid et al. 1991;
Lichnovsky et al. 1998), yet both embryos and ESCs
lacking p53 are viable (Donehower et al. 1992; Sabapathy

Figure 7. D40p53 regulates ESC pluripotency via IGF/PI3K
signaling. (A) IGF-1R expression in normal and p44Tg ESCs
and EBs. Western blot (top) and protein quantitation (bottom).
(Black bars) ESCs; (gray bars) EBs. Four independent samples for
each genotype and cell type were analyzed. (B) Effect of blocking
IGF/PI3K signaling on EB size. Data represent the mean di-
ameters 6 SEM of ICR or p44Tg EBs after 5 d of treatment, and
are expressed as percent of vehicle-treated ICR values. (Gray
bars) vehicle-treated; (black bars) IR3-treated; (striped bars) IR3
LY294002-treated. Two to three sets of EB cultures were
analyzed per treatment group, with each set consisting of
100–250 EBs. (*) P < 0.05; (****) P < 0.001 (two-tailed Student’s
t-test). (C–F) Effect of blocking IGF/PI3K signaling on expression
of stem cell factors. Western blot analysis and quantitation of
Nanog and Oct4 expression in EBs treated with the IGF-1R-
blocking antibody IR3 (C,D) or PI3K inhibitor LY294002 (E,F).
All values were normalized to actin. (Black bars) ESCs; (gray
bars) EBs. See also Supplemental Figure S3.
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et al. 1997). Loss of the p53 inhibitor Mdm2, on the other
hand, compromises ESC viability (McMasters et al. 1996)
and causes early embryonic lethality (Jones et al. 1995).
Viability is restored by codeletion of p53, demonstrating
that negative regulation of p53 is essential during early
embryogenesis and for the survival of ESCs. Similarly,
loss of even a single dose of D40p53 causes ESCs to lose
pluripotency and compromises their ability to grow.

The mechanism by which D40p53 regulates p53 is
related to the structures of these two isoforms, which
share most of the functional domains of the protein, in-
cluding the tetramerization domain in the C terminus (for
review, see Hollstein and Hainaut 2010). p53 and D40p53
are known to form heterotetrameric complexes in several
somatic cell lines (Courtois et al. 2002; Powell et al. 2008),
and we showed by immunocytochemistry and subcellular
fractionation that they colocalize and are likely to interact
physically in ESCs as well. At the N terminus, however,
these two proteins are substantially different. Translation
of D40p53 initiates at an alternative ribosome-binding site
in exon 4 (Courtois et al. 2002), resulting in loss of the
primary transactivation domain encoded in the first 40
amino acids, which severely impairs transcription fac-
tor capacity (Courtois et al. 2002). Multiple studies have
shown that overexpression of D40p53 in vitro reduces p53
activity by inhibiting its transactivation function (Zhu
et al. 1998; Courtois et al. 2002) and promoting nuclear
export of p53–D40p53 heterotetramers (Ghosh et al. 2004).
In ESCs, elevated D40p53 interferes with the ability of p53
to regulate the transcription of p21, Nanog, and Igf-1R,
three genes that are known to be involved in the switch
between pluripotent ESCs and differentiated somatic cells
(Lin et al. 2005; Bendall et al. 2007; Hanna et al. 2009). This
effect is attributable to direct interference with the binding
of full-length p53 to its recognition sequences in the
promoters of relevant target genes. In addition to these
transcriptional effects, D40p53 exerts control over the
ability of ESCs (and presumably also of pluripotent cells
of the early embryo) to grow by regulating signal trans-
duction pathways—in particular, those that act through
PI3K. One pathway known to be affected by D40p53 is that
of the IGF-1R. Our previous work clearly demonstrated
that an increased dose of D40p53 in mice results in higher
than normal levels of the IGF-1R and constitutive up-
regulation of its associated signal transduction pathway in
both embryonic and adult tissues and adult stem cells
(Maier et al. 2004; Medrano et al. 2009). ESCs derived from
these mice also display increased IGF-1R and increased
activation of PI3K when grown under conditions favoring
differentiation. Inhibition of IGF signaling by treatment
with an IGF-1R-blocking antibody reversed the accelerated
growth associated with increased D40p53 expression, but
caused only partial loss of Nanog and Oct4. Full suppres-
sion of these stem cell factors required inhibition of PI3K,
indicating that additional upstream receptors are affected
by D40p53. One obvious candidate would be the LIF re-
ceptor, which is expressed in mouse ESCs (Ginis et al.
2004). The LIF receptor integrates signals from several
critical kinases, including PI3K, to regulate expression of
key pluripotency genes, including Nanog and Oct4 (Niwa

et al. 2009). With the recent discovery that LIF is another
p53 target gene (Hu et al. 2007), the possibility that changes
in the dose of D40p53 alter signaling downstream from the
LIF receptor becomes highly likely, and something we are
actively investigating.

Based on the findings described in this study, we pro-
pose that the principal function of D40p53 in ESCs may be
to suppress p53 activity and prevent transsuppression of
factors such as Nanog and the IGF-1R that are important
for maintaining the pluripotent and highly mitotic state
of these cells. According to this model (Fig. 8), ESCs and
their counterparts in normal embryogenesis (Fig. 8, left,
yellow symbols) lose their ESC phenotype when D40p53
levels decrease and the block on p53 activity is relieved.
Another important consequence of decreased D40p53 is
a drop in the level of the IGF-1R, which occurs concom-
itant with the loss of pluripotency. Because IGF signaling
acts through PI3K, an activator of Nanog expression
(Niwa et al. 2009), a drop in the level of the receptor
would result in reduced Nanog transactivation, which
would reinforce the increase in Nanog transsuppression
mediated by the now active p53. With loss of Nanog, cells
become more restricted in potency and start to acquire
the growth characteristics of somatic cells (Fig. 8, right,
orange symbols). In addition to providing a mechanism
for how p53 activity is regulated in ESCs, this model
establishes an important distinction between the activity
of p53 in embryonic cells, where its principal effect is
due to target gene transsuppression, and p53 activity in
maternal tissues (e.g., endometrium, indicated by the
gray box in Fig. 8), where its main function appears
to be the transactivation of genes that provide a support-
ive environment, such as LIF (Hu et al. 2007; Paiva
et al. 2009). One thing is very clear, however, and that
is that the IGF axis plays a central role in controlling the

Figure 8. A model to explain how D40p53 regulates the pro-
gression from pluripotency to differentiation in ESCs. In early
embryos and ESCs (yellow symbols), D40p53 expression is high.
Pluripotency is maintained by blocking p53 transsuppression of
critical factors, such as Nanog and the IGF-1R. One mechanism
by which this could occur could be tetramerization of p53 with
D40p53 and sequestration in the cytoplasm. As D40p53 expres-
sion in the embryo declines, p53 transsuppression can occur,
causing extinction of Nanog and loss of pluripotency. Reduced
signaling through the IGF-1R restricts proliferation to levels
typical of somatic cells. In maternal tissues, shown here as a gray
box, p53 transactivates LIF, a factor essential for implantation.
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pluripotency of mouse ESCs. Blocking the IGF-1R or
downstream signaling through PI3K completely rescued
the block to differentiation caused by excess D40p53,
including the adverse effects on p53-mediated trans-
suppression of Nanog. Thus, the IGF axis plays a central
role in the switch between pluripotency and differentia-
tion in mouse ESCs in much the same way as described
previously for human ESCs (Bendall et al. 2007). D40p53,
by controlling the level of the IGF-1R, acts as a master
regulator of this switch.

Previous work from our laboratory has demonstrated
a role for D40p53 in somatic cells, where an extra dose of
p53 coding exclusively for this isoform results in reduced
life span (Maier et al. 2004) and impaired regenerative
capacity of adult stem cells (Medrano et al. 2009). In em-
bryonic cells, on the other hand, D40p53 enhances sur-
vival and promotes a highly proliferative state that
perpetuates regenerative capacity. These seemingly con-
tradictory adult and embryonic phenotypes can be ex-
plained as resulting from disparate regulation of prolifer-
ation and cell cycle progression in these two cells types.
Adult stem cell self-renewal is controlled by cyclin-
dependent kinase inhibitors such as p21, p27, and p16,
which are absent from ESCs (White and Dalton 2005;
Tarasov et al. 2008), at least in part because p53 is needed
to transactivate their expression. The differences in cell
cycle regulation between ESCs and somatic cells can also
explain why we do not see cell cycle defects in ESCs with
excess D40p53. In cells deficient in D40p53, on the other
hand, cell cycle progression is profoundly affected, with
the cells acquiring the cell cycle profile of a typical
somatic cell precociously when they lose pluripotency.
In fact, the unique cell cycle of ESCs has been shown to be
inherently linked to pluripotency (White and Dalton
2005). In summary, the data described here provide valu-
able insight into the contributions of p53 and D40p53 to
the maintenance of ESC pluripotency. We identified D40p53
as the p53 isoform expressed highly and specifically in
human and mouse ESCs and in early post-implantation
mouse embryos. We showed that, by modulating D40p53
expression, we can selectively alter p53 activation in a man-
ner that supports pluripotency. Such precise regulation of
p53 function could provide a safer method for the suppres-
sion of p53 during somatic cell reprogramming.

Materials and methods

Mouse ESC culture and differentiation

Wild-type 129/SvJ ESCs were a gift of Dr. Scott Zeitlin, and wild-
type ICR ESCs were a gift from Dr. Robin Wesselschmidt. p44Tg
ESCs were isolated from blastocyst-stage embryos using estab-
lished methods. ESCs were maintained on mitotically inacti-
vated STO fibroblasts in DMEM supplemented with 15% fetal
bovine serum (FBS), nonessential amino acids, b-mercaptoetha-
nol, l-glutamine, nucleosides, and 1000 U/mL LIF (all from
Chemicon). Medium was replaced daily and cells were passaged
every 2–3 d by trypsination. ESCs were differentiated to form EBs
using a multiwell plate format protocol (Ezekiel et al. 2007), or
into neural stem cell precursors using a serum-free adherent
monoculture system (Conti et al. 2005).

Generation of ESCs with reduced D40p53

The Dp44 targeting construct was generated from a 6-kb genomic
fragment of p53 (introns 1–6) as follows: The translation start site
for D40p53 (M41) was converted to an alanine using site-directed
PCR mutagenesis (Ex-Site kit; Stratagene), and a floxed pA-STOP
cassette conferring G418 resistance was inserted into the Xba1
site in exon 4. Wild-type 129/SvJ ESCs were electroporated with
the linearized Dp44 targeting construct and cultured under G418
selection for 2 wk. Heterozygous p53Dp44-STOP ESC lines were
identified by Southern blot. To eliminate the selection cassette,
p53+/Dp44-STOP ESCs were electroporated with a Cre recombinase
plasmid and plated under clonal conditions. Replica cultures
were established for each clone to identify G418-sensitive
p53Dp44 ESC lines, and recombination was confirmed by PCR.

Pharmalogical inhibition of IGF/PI3K signaling

IGF-1R activity was inhibited using the IGF-1R a-subunit-block-
ing antibody IR3 (Calbiochem/EMD Chemicals), and PI3K ac-
tivity was inhibited using LY294002 (Cell Signaling). MOPC-21
(Sigma) was used as an isotype control for IR3, and DMSO
(Sigma) was used as the vehicle control for LY294002. EBs were
treated with the specified inhibitors for 4 d. IR3 was used at
concentrations ranging from 1 to 4 mg/mL and LY294002 was
used at 5–10 mM. EB diameters were measured using NIH ImageJ
software.

siRNA transfection

ESCs (106) were seeded in six-well plates 1 d before transfec-
tion. Cells were transfected with 100 nM ON-TARGET plus
SMARTpool siRNA (p53, L-040642, or nontarget, D-001810;
Dharmacon) using DharmaFECT1 (Dharmacon) and harvested
6 or 48 h later.

Proliferation assays

To generate growth curves for ESCs, we seeded 4 3 104 cells per
well onto gelatin-coated 24-well plates. Triplicate wells were
dissociated and counted by hemocytometer each day thereafter
for 7 d, and cell medium was replaced daily.

Flow cytometry

Single-cell suspensions were fixed with ethanol, stained with
SSEA-1 primary antibodies (University of Iowa, Hybridoma
Bank) and fluorescently conjugated secondary antibodies (BD
Biosciences), then analyzed by flow cytometry. Cell cycle studies
were performed by FACS analysis using the far-red fluorescent
DNA dye DRAQ5. For apoptosis studies, ESCs were treated with
10 mg/mL etoposide for 12 h to induce DNA damage, then
stained with Annexin V. At least 10,000 events per sample were
acquired using a FACScalibur flow cytometer (BD Biosciences),
and analyzed using FloJo or ModFitLT version 3.1 software.

Western blot analysis

Total protein was isolated as described (Sasaki et al. 2006) and
analyzed according to standard Western blotting procedures.
Antibody sources include p53 monoclonal PAb248 (gift of Ettore
Appella), PAb421 and PAb1801 (Calbiochem/EMD Chemicals),
D0-1 (Santa Cruz Biotechnology), p53 polyclonal CM5 (Vector
Laboratories), IGF-1Rb (Santa Cruz Biotechnology), Nanog
(Bethyl Laboratories), Oct4 (Santa Cruz Biotechnology), Actin
(MP Biomedicals,), and GAPDH (Ambion).
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Subcellular fractionation

Nuclear and cytosolic protein fractions were prepared as de-
scribed previously (Kornberg et al. 1989).

p53 oligomer analysis

p53 and D40p53 homo-oligomer and hetero-oligomer complexes
were measured using a technique described by Powell et al.
(2008). Samples were then subjected to Western blot analysis
using the p53 antibody PAb248.

Real-time PCR analysis

Total RNA was isolated from ESCs using an RNeasy kit (Qiagen)
and reversed-transcribed using an RNA to cDNA kit (Applied
Biosystems). Real-time PCR was performed on an ABI 7900HT
machine with TaqMan PCR Master Mix (Applied Biosystems).
PCR conditions consisted of a 2-min UNG activation at 50°C
and a 10-min hot start at 95°C, followed by 40 cycles of 15 sec at
95°C and 1 min at 60°C. The average threshold cycle (Ct) for each
gene was determined from triplicate reactions, and the levels of
gene expression relative to GAPDH were calculated using RQ
Manager software (Applied Biosystems). Gene expression assays for
p53 (Mm01731287), p21 (Mm01303209), Mdm2 (Mm01233136),
Nanog (Mm02019550), IGF-1R (Mm00802831), and GAPDH

(Mm99999915) were obtained from Applied Biosystems.

ChIP assay

ChIP analysis of in vivo binding of p53 to target promoters was
performed as described (Nelson et al. 2006). Briefly, cells were
fixed with 1.42% formaldehyde for 15 min at room temperature,
then neutralized with 125 mM glycine for 5 min. Cells were
lysed with 1 mL of immunoprecipitation buffer (150 mM NaCl,
50 mM Tris-HCl at pH 7.5, 5 mM EDTA, 0.5% NP-40, 1.0%
Triton X-100) and sonicated to an average fragment size of 1.0 kb
using an ultrasonic water bath. One-hundred microliters of each
chromatin sample was incubated for 12 h at 4°C with 5 mg of
antibodies against p53 (PAb421; Santa Cruz Biotechnology),
acetylated H3 (Millipore), or IgG (mock, Vector Laboratories).
Immune complexes were collected with protein A/G-agarose
beads and DNA was collected using a Chelex 100 slurry (Bio-
Rad), then treated with Proteinase K. The amounts of DNA in
the immunoprecipitates and the input were quantified by real-
time PCR using the same machine, buffers, and cycling condi-
tions described previously. Relative occupancy was estimated
using the equation: 2Ctmock�Ctspecific

, where Ctmock and Ctspecific are
mean threshold cycles of triplicate PCR samples. The primer
sequences for p21 and IGF-1R are as follows: p21, 59-TGTCCT
CGCCCTCATCTATT -39 and 59-GCCTATGTTGGGAAACAA
GA -39; IGF-1R, 59-ATGACTTGGGCTGGTAGTGG -39 and 59-AA
GCTGGCCTAAACCAGACA -39; an inventoried gene expres-
sion assay was used for Nanog promoter detection (Mm02019550,
Applied Biosystems).

Immunocytochemistry

ESCs were plated onto a layer of mitotically inactivated STO
fibroblasts on glass coverslips and cultured overnight. Cells were
fixed with 4% paraformaldehyde for 10 min, permeabilized with
0.1% Triton X-100 for 10 min, then blocked in a solution of 10%
normal goat serum and 0.1% Triton X-100 in PBS for 30 min, and
incubated with primary antibodies (described previously) diluted
in blocking solution overnight at 4°C. The following day, cells
were reacted with fluorescently conjugated secondary antibodies

(Invitrogen) for 1 h at 4°C. Nuclei were counterstained using
10 mM DRAQ5 (Biostatus Ltd.), and coverslips were mounted
using Fluoromount. Microscopy was performed using a Zeiss Std
510 confocal microscope, and images were processed using Zeiss
LSM Image Browser software.

AP staining

ESCs were cultured for a minimum of 5 d on a layer of mitotically
inactivated STO fibroblasts prior to AP staining. Cells were fixed
with gluteraldehyde and stained with a solution of 4% Napthol
AS-MX phosphate (Sigma) and 1% Fast Red TR for 15 min at room
temperature.
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