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SUMMARY

In this study we outline a regulatory network that involves the p53 tumor suppressor family and 

the Wnt pathway acting together with the TGF-β pathway in mesendodermal differentiation of 

mouse and human embryonic stem cells. Knockout of all three members, p53, p63 and p73, shows 

that the p53 family is essential for mesendoderm specification during exit from pluripotency in 

embryos and in culture. Wnt3 and its receptor Fzd1 are direct p53 family target genes in this 

context, and induction of Wnt signaling by p53 is critical for activation of mesendoderm 

differentiation genes. Globally, Wnt3-activated Tcf3 and nodal-activated Smad2/3 transcription 

factors depend on each other for co-occupancy of target enhancers associated with key 
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differentiation loci. Our results therefore highlight an unanticipated role for p53 family proteins in 

a regulatory network that integrates essential Wnt-Tcf and nodal-Smad inputs in a selective and 

interdependent way to drive mesendodermal differentiation of pluripotent cells.

Graphical abstract

INTRODUCTION

The transcription factor p53 is abundantly expressed in mouse embryo germ layer 

progenitors and in embryonic stem (ES) cells, suggesting a role in ES cells and early 

development (Lutzker and Levine, 1996; Schmid et al., 1991). This role is perhaps unrelated 

to the prominent role of p53 in DNA damage responses in the adult. p53 levels in somatic 

cells are kept low by complex regulatory mechanisms, rising sharply after DNA damage and 

other stresses to trigger cell cycle arrest, senescence, or apoptosis (Zilfou and Lowe, 2009). 

The gene, TP53 (Trp53 in mouse), is the most frequently inactivated tumor suppressor in 

human cancer (Lane and Levine, 2010; Vousden and Prives, 2009). Despite an extensive 

understanding of p53 as a tumor suppressor in the adult, its role in ES cells and early 

embryo development remains unknown.

An involvement of p53 in early development is indicated by the failure of p53-depleted 

Xenopus embryos to undergo gastrulation (Wallingford et al., 1997). p53 is required for 

mesendoderm differentiation of mouse ES cells in monolayer culture, though not in ES cell-

derived embryoid bodies (EBs) (Shigeta et al., 2013). This effect requires the release of p53 

from inhibition by Aurora-A kinase (Aurka) (Lee et al., 2012). p53 inhibits the generation of 

induced pluripotent stem (iPS) cells (Hong et al., 2009; Kawamura et al., 2009). p53 

reactivation in teratocarcinomas can promote cancer cell differentiation (Zhu et al., 2016). 

Although p53 regulates expression of LIF in the female for embryo implantation (Hu et al., 

2007), the role of p53 in the embryo proper remains controversial because Trp53-null mice 

develop normally, even if they are cancer-prone as adults (Donehower et al., 1992).
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Functional redundancy of Trp53 with its other two family members, Trp63 and Trp73, might 

explain these discrepancies. The transactivating forms of p63 and p73 (TAp63 and TAp73) 

show structural similarity with p53, bind to the same consensus DNA sequence, and are 

interchangeable with p53 in certain assays (Dotsch et al., 2010; Flores et al., 2002). 

However, embryos with homozygous mutations of Trp63 or Trp73 (Mills et al., 1999; Yang 

et al., 1999; Yang et al., 2000), or double knockouts (KO) of p53 family members develop 

well beyond gastrulation and germ layer specification, and have only late developmental 

defects (Flores et al., 2002). No triple KO has been reported.

The mechanism by which p53 family members might control the expression of lineage 

identity genes in ES cells is also not clear. Germ layer specification genes are directly 

regulated by various embryo signals, including Wnt and the TGF-β family member nodal. 

Nodal drives mesendoderm differentiation during gastrulation (Brennan et al., 2001; Zhou et 

al., 1993). It binds to activin receptors and activates Smad2 and Smad3 transcription factors 

that directly regulate mesendoderm differentiation genes (Baker and Harland, 1996; 

Weinstein et al., 1998). Wnt binds to frizzled (Fzd) receptors to activate β-catenin and Tcf 

transcription factors (Clevers and Nusse, 2012). Wnt cooperates with nodal during 

mesendoderm induction (Estaras et al., 2015; Funa et al., 2015; Reid et al., 2012), and Tcf 

factors interact with Smad2/3 in certain contexts (Labbe et al., 2000). p53 was reported to 

bind Smad proteins for regulation of TGF-β target genes (Cordenonsi et al., 2003), but these 

observations have not been widely confirmed. Notably, p53 can directly activate the 

expression of Wnt pathway components in mouse ES cells in response to DNA damaging 

agents (Lee et al., 2010).

Here we use double and triple KO combinations of p53 family members in mouse and 

human ES cells to address the role of p53 during the exit from pluripotency as cells undergo 

differentiation. We show that the p53 family is essential for the activation of mesendoderm 

differentiation genes in ES cells in vitro and in the embryo. Though these genes lack p53-

binding elements, they contain enhancers that are synergistically co-occupied and regulated 

by nodal-activated Smad2/3 and Wnt-activated Tcf3. We demonstrate that the p53 family 

enables activation of these genes by stimulating Wnt production as ES cells exit the 

pluripotent state, thus governing the cooperation of Wnt and nodal for the onset of 

mesendoderm differentiation.

RESULTS

The p53 Family Redundantly Drives Mesendodermal Differentiation

Pluripotent ES cells and early stage EBs formed by these cells under differentiation-

permissive conditions [suspension culture in leukemia inhibitory factor (LIF)-free media] 

recapitulate the signaling and transcriptional events of germ layer specification (Nishikawa 

et al., 1998; Xi et al., 2011). In LIF-free media, mouse ES cells downregulate the 

pluripotency genes Nanog first and Sox2 and Pou5f1 (Oct4) thereafter, and gradually induce 

the expression of mesendoderm marker genes including Eomes, Foxa2, Goosecoid (Gsc), 

Mixl1, Fgf8, Brachyury (T), and ectoderm marker genes including Sox1, Fgf5, Nestin (Nes) 

(Figure 1A). Expression of the mesendoderm markers is driven by autocrine nodal through 
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nodal/activin receptor kinases, and can be blocked with the specific kinase inhibitor 

SB431542 (SB).

Trp53−/− ES cells failed to express the mesendoderm specification genes Eomes, Foxa2 and 

Gsc in monolayer culture, but still expressed these genes in EB conditions (Figure 1B) 

(Shigeta et al., 2013). We investigated if this discrepancy was linked to differences in the 

expression of functionally redundant p53 family members. Indeed, p53 was expressed both 

in monolayer and EB conditions, whereas the active form of p73, TAp73, was expressed in 

EBs but not ES monolayers (Figure S1A). p63 was below the detection limit in both 

conditions (Figure S1A–B). shRNA-mediated knockdown of Trp73 in Trp53−/− cells 

(Trp53−/−;Trp73sh cells) eliminated the expression of Eomes, Foxa2 and Gsc in EBs (Figure 

1C–D), whereas expression of Nanog and the Smad negative feedback regulator Skil were 

not perturbed (Figure 1B–D).

RNA-Seq analysis of day 4 (d4) EBs showed reduced expression of 140 genes in 

Trp53−/−;Trp73sh EBs compared to Trp53+/+;controlsh EBs, whereas 154 genes were 

upregulated (Figure 1E). Gene Ontology analysis revealed significant down-regulated of 

gastrulation, mesoderm and endoderm formation genes, including the nodal-regulated 

mesendoderm genes Eomes, Foxa2, Gsc, Mixl1, Gata6, Cxcr4 and Fgf8 (Figure 1F). 

Addition of exogenous activin induced the expression of these genes in d3 

Trp53+/+;controlsh EBs but not in Trp53−/−;Trp73sh EBs (Figure 1G). Nanog as well as the 

Smad negative feedback regulators Skil and Smad7 remained responsive to activin in 

Trp53−/−;Trp73sh EBs (Figure 1G). Notably, the p53/p73-depleted cells adopted a 

neuroectoderm fate characterized by expression of Pax6, Tubb3, Gbx2, Sox1 and Onecut2 
(Figure 1E). This switch is consistent with adoption of an alternative fate upon nodal 

inhibition (Vallier et al., 2004). These results suggested that p53 and p73 redundantly enable 

nodal-dependent mesendoderm specification of ES cells.

We investigated this effect in ES cells that were depleted of p53, p63 and p73 by triple KO 

using CRISPR/Cas9 (Cong et al., 2013; Mali et al., 2013). sgRNAs targeting Trp53, Trp63 
and Trp73 genomic loci were transiently transduced with Cas9 into ES cells (Figure S1C). 

One Trp53+/+;Trp63−/−;Trp73−/− (double knockout, DKO) clone and two 

Trp53−/−;Trp63−/−;Trp73−/− (triple knockout, TKO) clones were selected and verified by 

sequencing and western blot analysis (Figure S1D–G). T, Foxa2, Eomes and Gsc expression 

was detected in p63/p73 DKO EBs but not in TKO EBs, whereas the expression of Nanog 
and Skil remained unaffected (Figure S1H).

p53/p63/p73 Triple Knockout Leads to Early Defects in Mouse Embryo Development

To extend these observations in vivo, we determined the expression levels of p53 family 

members by qRT-PCR in mouse embryos ranging from embryonic day E6.5 until E11.5, 

corresponding to stages of gastrulation and extensive organogenesis. p53 was expressed at 

E6.5 and thereafter until E10.5 (Figure S2A). Transactivating isoforms of p63 (TAp63α-Υ) 

and dominant negative isoforms of p63 (ΔNp63α-Υ) were below the qRT-PCR detection 

limit in E6.5–E7.5 embryos but were highly expressed from E8.5 (Figure S2A). 

Transactivating isoforms of p73 (TAp73α) and dominant negative isoforms of p73 (ΔNp73α 
and ζ) were moderately expressed at E6.5, followed by a decrease between E7.5–E8.5 and 

Wang et al. Page 4

Cell Stem Cell. Author manuscript; available in PMC 2018 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



re-elevation after E9.5 (Figure S2A). Thus, mouse embryos dynamically express all three 

members of p53 family during gastrulation, raising the possibility of redundant functionality.

We microinjected wild type (WT), DKO or TKO ES cells labeled with mCherry into WT 

blastocysts to generate chimeric embryos. Chimeras were dissected at E10.5, corresponding 

to midgestation, and analyzed for the contribution of mCherry+ cells to major organs (Figure 

2A). Regardless of the level of chimerism, which was classified as strong, intermediate or 

weak according to mCherry fluorescence, all 16 WT control chimeras and another 8 DKO 

chimeras proceeded to midgestation and exhibited normal morphology (Figure 2A) (Flores 

et al., 2002). By contrast, 4 chimeras with strong or intermediate TKO cell contribution 

exhibited profound retardation and resembled E8.0 embryos, whereas weak TKO cell 

contribution permitted development to slightly later stages (Figure 2A).

Based on the morphology of embryos recovered at E10.5 we estimated that the onset of a 

defect occurred at around E7.5–E8.5, corresponding to the time of gastrulation when 

mesoderm and definitive endoderm germ layers are formed. In support of this possibility, at 

the late headfold to early somite stage (~E7.75), 6 out of 6 strong TKO chimeras exhibited 

morphological defects symptomatic of defective gastrulation. At E8.5 (6–10 somite stage), 

11 out of 18 TKO chimeras exhibited defects in the primitive streak region at the posterior 

end of the embryo, a kinked neural tube, a paucity of adjacent mesoderm, cardiac defects, as 

well as defects in the headfold region (Figure S2B).

We performed serial sections to determine whether TKO cells fail to contribute to specific 

regions of the embryo. Notably, E8.75 TKO chimeras exhibited an abnormal primitive streak 

and gut endoderm morphology, and a round neural tube rather than a flat neural plate 

observed in WT chimeras (Figure 2C). Moreover, TKO cells exhibited elevated contribution 

to ectopic neural protrusions only observed in TKO chimeras, but reduced contribution to 

gut endoderm, confirming that p53/p63/p73-depletion inhibits endoderm differentiation and 

favors a neuroectodermal fate (Figure 2B). While, E7.25 TKO chimeras exhibited an 

accumulation of cells at the primitive streak, which bulged into the amniotic cavity, 

indicative of a failure in gastrulation (Figure 2B) (Migeotte et al., 2011; Viotti et al., 2014). 

These results suggested that strong TKO chimeras failed to execute normal gastrulation.

To verify the lineage-specific defects, we performed immunofluorescence analysis of 

FoxA2, a nascent mesendoderm marker, and T, a primitive streak, mesoderm and midline 

marker (Wilkinson et al., 1990). FoxA2 expression was interrupted in the midline of E7.75 

TKO chimeras (Figure S2C), reminiscent of defects observed in mutants of Lhx1, a 

downstream target of nodal-Smad signaling (Costello et al., 2015). In E7.25 chimeras 

mCherry+ TKO cells failed to induce FoxA2 expression whereas surrounding WT cells 

expressed high levels of FoxA2 (Figure 2C), reinforcing the conclusion that TKO cells were 

unable to trigger mesendoderm specification. Though T expression was not abolished in 

TKO cells of E8.75 chimeras, T positive cells were aberrantly organized at the primitive 

streak and midline structures (Figure 2B). Taken together, our analyses of chimeric embryos 

strongly suggest that the p53 family plays a critical role in mesendoderm specification.
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The p53 Family Selectively Enables Smad Binding to Mesendoderm Genes

To investigate the mechanistic basis for the role of p53 in the activation of mesendoderm 

specification genes, we considered the possibility that p53 interacts directly with Smad2/3 

on target promoters (Cordenonsi et al., 2003). However, we observed no interaction of p53 

family members with Smads 2, 3 or 4 in ES cells or EBs, by immunoblotting or mass 

spectrometry analysis of Smad-associated proteins (data not shown). We performed p53 and 

Smad2/3 ChIP-Seq analysis in EBs that were treated with activin or SB431542. Genome-

wide, the p53 binding sites were enriched for the p53 consensus binding sequence (Figure 

S3A), and included the typical p53 target loci Mdm2 and Cdkn1a (Figure S3B). However, 

the binding patterns of p53 and Smad2/3 did not overlap (Figure 3A–B). There was no 

significant p53 binding within 100kb centered on the Eomes, Foxa2, Gsc or Mixl1 
transcription start sites (TSS) (Figure S3B), regions that contained multiple Smad2/3 

binding sites (Figure 3C). Moreover, Smad2/3 binding to chromatin was stimulated by 

activin whereas p53 binding was not (Figure 3A–B). We concluded that p53 acts as a 

determinant of nodal action in ES cells without physically contacting Smad target loci.

Next we investigated the effect of p53 on the binding of Smad2/3 to target enhancers. To 

avoid potential clonal variability introduced by CRISPR/Cas9 selection, we utilized 

Trp53−/−;Trp73sh and Trp53+/+;Ctrlsh EBs. Activin stimulated the binding of Smad2/3 to 

sites in Eomes, Foxa2, Gsc, Mixl1 and Smad7 in control d3 EBs (Figure 3C). p53/p73-

depletion inhibited Smad2/3 binding to a subset of these sites in the differentiation genes but 

not to sites in Smad7 (Figure 3C). Based on global analysis, Smad2/3 binding peaks can be 

classified as p53/p73-dependent and p53/p73-independent peaks (Figure 3E). Loci with p53/

p73-independent peaks included the nodal feedback regulators Smad7, Tdgf1 (Cripto) and 

Nodal (Figure 3E), and loci with p53/p73-dependent peaks were enriched for mesendoderm 

specification genes (Figure 3E and S3C).

The p53 Family Controls Tcf-sensitive nodal Target Genes

Transcription factor motif analysis revealed that both the p53/p73-dependent and 

independent Smad binding regions are rich in binding elements for Smad (SBEs) and the 

Smad partners FoxH1 (Chen et al., 1997; Liu et al., 1997) and HEB (Yoon et al., 2011). 

Interestingly, a Tcf3/4 binding motif (TBE) was significantly enriched only in p53-

dependent Smad2/3 binding sites and not in p53-independent sites (Figure 4A). SBE 

(CAGAC/T) and TBE (TCAAAG) motifs are located approximately within ~50 bp of each 

other in the regulatory regions of Eomes, Foxa2, Gsc, Mixl1, Fgf8, and T (Figures 4B–C and 

S4A–E).

We used CRISPR/Cas9 to generate focal deletions of neighboring SBEs and TBEs in the 

Eomes −10kb enhancer and the Gsc +6kb enhancer in ES cells (Figure 4B–C). These 

deletions caused a significant reduction in Eomes or Gsc induction by endogenous signals or 

exogenous activin (Figure 4D–F). Smad7 induction by activin remained intact, arguing that 

the mutant clones were capable of nodal/activin signal transduction. Collectively, these 

findings suggest that p53 regulates a component that is selectively required for activation of 

Wnt-responsive nodal target genes.
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The Tcf family in mammals includes four members: Lef1, Tcf1 (Tcf7), Tcf3 (Tcf7l1) and 

Tcf4 (Tcf7l2). ES cells predominantly express Tcf3 and Tcf1 (Figure S4F). Tcf3 is essential 

for embryo development (Merrill et al., 2004) and ES cell exit from pluripotency (Wray et 

al., 2011). ChIP analysis showed that Tcf3 is the most highly enriched Tcf family member in 

the Eomes −10kb enhancer, Foxa2 −50kb enhancer and Gsc +6kb enhancer. Tcf3 binding 

was further stimulated by activin (Figure 4G). Tcf1 and Tcf3 were highly enriched in the 

Axin2 promoter, a known Wnt/Tcf target gene (Yan et al., 2001). Moreover, Tcf3 ChIP-Seq 

analysis showed a high concordance with Smad2/3 binding sites at mesendoderm gene 

enhancers (Figure 4H) and across the genome (Figure 4I). The binding of Tcf3 and Smad2/3 

to these enhancers increased significantly in differentiating EBs compared to pluripotent ES 

cells (Figure 4H). Collectively these results suggest that Smad2/3 and Tcf3 converge on cis-

regulatory elements of p53-dependent mesendoderm specification genes.

Wnt Expression is Rate Limiting for the Onset of Mesendoderm Differentiation

Smad2/3 and Tcf3 binding to the Eomes, Foxa2 or Gsc enhancers in EBs did not occur until 

d3 (Figure 5A), suggesting the existence of a rate-limiting factor. Nodal was expressed 

throughout this period (Figure 5B and S5A), and d0 cells, as well as d3, cells responded to 

activin with formation of Smad2/3-Smad4 and Smad2/3-Trim33 transcriptional complexes 

(Figure S5B) (Xi et al., 2011). However, Wnt8a was the only Wnt family member expressed 

before d3 (Figure 5B). Wnt3, an essential factor for mouse primitive streak formation and 

gastrulation (Liu et al., 1999), was expressed starting on d3, which coincided with the onset 

of Foxa2, Gsc and Mixl1 induction and peak Eomes expression (Figure 5B, refer to Figure 

6G for Wnt3 protein level). Comparable Wnt3 expression kinetics occur during mouse 

gastrulation (Rivera-Perez and Magnuson, 2005).

We used different Wnt pathway inhibitors to assess the role of endogenous Wnt signaling in 

mesendoderm gene expression. Addition of the Wnt receptor inhibitor Dkk1 (Niida et al., 

2004), the Wnt palmitoylation inhibitor IWP-2 (Anastas and Moon, 2013), or the Axin2 

stabilizing drug XAV939 (Anastas and Moon, 2013) prevented the binding of Tcf3 to 

Eomes, Foxa2 and Gsc enhancers (Figure 5C), and the activation of these genes (Figure 5D). 

Notably, Wnt inhibitors not only diminished the binding of Tcf3 to these enhancers but also 

that of Smad2/3 (Figure 5C). Conversely, nodal/activin receptor inhibition diminished the 

binding of Tcf3 as well as Smad2/3 to these sites (Figure 5A). In contrast, Smad7 responded 

to activin regardless of Wnt inhibition.

To determine whether Tcf3 chromatin binding requires canonical β-catenin signaling in this 

context, we performed β-catenin ChIP assays. Lacking suitable anti-β-catenin antibodies, we 

used CRISPR/Cas9 to engineer tandem FLAG and HA epitope tags into the N-terminus of 

Ctnnb1 (β-catenin) in ES cells (β-CatF-H cells), and validated this modification by 

sequencing and western blot (Figure 5E–F). Epitope tagging did not significantly alter the 

differentiation kinetics in β-CatF-H cells (Figure S5C). Anti-HA ChIP confirmed β-catenin 

binding to Eomes, Foxa2 and Gsc enhancers, and the binding pattern was highly concordant 

with Tcf3 and Smad2/3 binding (Figure 5G). Collectively, these results suggested that the 

nodal and Wnt pathways coordinately drive Smad2/3 and Tcf3 to common target enhancers 
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in mesendoderm specification genes, and the expression of autocrine Wnt, as well as the 

activity of the p53 family, are rate-limiting for this process.

The p53 Family Controls Wnt3 Expression

To search for a link between p53 and Wnt in an unbiased manner, we sorted the 114 genes 

that are differentially expressed in Trp53−/−;Trp73sh EBs relative to Trp53+/+;controlsh EBs 

(fold change >3; mean counts >100 in Trp53+/+;controlsh EBs; refer to Figure 1E). Within 

this group, 24 genes (Figure 6A) showed bound p53 within 50kb from the TSS (refer to 

Figure 3B). Notably, these 24 genes included Wnt3 and its receptor Fzd1. p53 bound near 

the TSS in Wnt3 (Figure 6B–C) and at +45kb in Fzd1 (Figure S6A). Both sites contain a 

p53 consensus binding sequence (Figure 6D and S6A). We generated focal deletions of the 

p53 binding site in the Wnt3 promoter in ES cells by CRISPR/Cas9 (Figure 6E). These 

deletions significantly inhibited the expression of Wnt3 itself and the mesendoderm marker 

Gsc under EB differentiation conditions (Figure 6E), confirming a direct regulation of Wnt3 

by p53 binding. ChIP-qPCR analysis of ectopically expressed FLAG-tagged human TAp63 
and HA-tagged human TAp73 in Trp53−/−;Trp73sh cells showed that both p63 and p73 can 

bind to this site (Figure 6F). Importantly, Wnt3 expression after LIF removal was inhibited 

by p53 depletion in monolayer culture (Figure S6B), and by depletion of p53 and p73 in EBs 

(Figure S6C and 6G). These results indicate that the p53 family directly controls Wnt3 

expression.

p53 activity at this crucial juncture of signal integration is regulated by Aurka (Lee et al., 

2012), so we investigated whether p63/73 were regulated in a similar manner. Expression of 

Aurka in ES cells depends on LIF (Lee et al., 2012). In agreement, Aurka levels in EBs 

dropped below detection by d3 after LIF removal (Figure 6G). The reported Aurka R(H/Q)S 

phosphorylation motif in p53 (Ferrari et al., 2005; Lee et al., 2012) is also conserved in p63 

and p73 (Figure S6D). We transduced Trp53−/−;Trp73sh cells with vectors encoding p53 

proteins with alanine mutations that would prevent phosphorylation of this serine residue 

(Ser to Ala mutants p53S212A, TAp63S285A and TAp73S235A) or mimic it (Ser to Asp 

mutants p53S212D, TAp63S285D and TAp73S235D) (Lee et al., 2012). We tested the ability of 

these mutants to rescue Smad2/3 binding to the Gsc, Foxa2 and Eomes enhancers in 

Trp53−/−;Trp73sh cells. p53SA but not p53SD rescued the binding (Figure 6H). Moreover, the 

Ala mutant p53, p63 and p73 but not the Asp mutants rescued the expression of Wnt3 and 

Gsc (Figure 6I and S6E). These results suggest that p53, p63 and p73 share the ability to 

trigger Wnt3 expression upon release from inhibition as ES cells exit pluripotency.

Wnt3 Mediates p53 Family Action in Mesendoderm Specification

To confirm the specificity of p53 regulation of Wnt signaling, we determined whether 

enforced Wnt signaling was capable of rescuing mesendoderm marker gene expression in 

p53 family-deficient ES cells. Addition of recombinant mouse Wnt3a to d3 

Trp53−/−;Trp73sh EBs fully rescued the expression of Eomes, Foxa2 and Gsc and the 

binding of Smad2/3 to the enhancers of these genes in response to activin (Figure 7A and 

S7A). Wnt3a induction of the feedback regulator Axin2 did not require p53 inputs (Figure 

S7B). We also engineered WT or Trp53−/−;Trp73sh ES cells with inducible expression 

vectors encoding mouse Wnt3 or, as a control, Tcf3. Doxycycline-mediated induction of 
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Wnt3, but not that of Tcf3, rescued Eomes, Foxa2, Gsc and Axin2 expression (Figure 7B 

and S7C).

Immunofluorescence analysis of EBs showed that Eomes levels and the number of Eomes 

expressing cells were significantly elevated by activin addition in Trp53+/+;Ctrlsh EBs but 

not in Trp53−/−;Trp73sh or in TKO EBs. The combined addition of activin and Wnt3a to 

Trp53−/−;Trp73sh EBs or TKO EBs fully restored Eomes expression and the number of 

Eomes-expressing cells (Figure 7C–D). The same pattern was observed with FoxA2 

expression (Figure S7D), confirming that Wnt3 mediates p53 family action in mouse 

mesendoderm specification.

WNT signaling also induces primitive streak and mesendoderm differentiation in human 

ESCs (hESCs) (Jiang et al., 2013; Kurek et al., 2015). The p53 binding sequence in the 

Wnt3 gene promoter is highly conserved between human and mouse (Figure 6D), raising the 

possibility that the regulatory mechanism uncovered in mESCs is also operative in 

developmentally more advanced hESCs. To test this hypothesis we deleted TP53 or all three 

p53 family members in H1 hESCs by iCRISPR (Gonzalez et al., 2014), as confirmed by 

DNA sequencing and western blot analysis (Figure S7E–F). TP63 and TP73 were not 

detectable at the protein level in H1 hESCs, but were deleted to avoid compensatory 

expression in cells with TP53 deletion (Figure S7G). In the presence of BMP4 and activin, 

H1 cells rapidly showed expression of WNT3 and the primitive streak marker T at day 1, 

followed by EOMES and FOXA2 induction (Zhang et al., 2008) (Figure 7E). Expression of 

the primitive streak genes was abrogated by treatment with WNT Inhibitor IWP-2. 

Moreover, the TP53/63/73 TKO hESCs, but not the TP53 KO, showed a significant decrease 

in the expression of WNT3 and primitive streak differentiation genes. Addition of Wnt3a 

rescued the expression of T and EOMES in TKO hESCs (Figure S7H). These results 

indicated that the role of p53 family in mesendoderm specification is conserved in mouse 

and human ESCs.

DISCUSSION

Our results establish the relevance of the p53 family in the differentiation of pluripotent 

progenitors within the early embryo, as well as pluripotent ESCs in culture, and provide a 

mechanistic basis for this role. We show that the p53 family governs a regulatory network 

that integrates Wnt and TGF-β nodal inputs for mesendoderm specification. This network 

includes two layers of regulation, first, p53 family members that directly control Wnt3 

expression, and second, Wnt activated β-catenin/Tcf3 and nodal-activated Smad2/3 that are 

mutually dependent for binding to, and activation of key mesendoderm identity genes 

(Figure 7F). The activation of this network is tied to the release of the p53 family from 

inhibition as ESCs exit from pluripotency (Lee et al., 2012). These findings clarify the role 

of p53 during early embryogenesis, identify p53 target genes implicated in this process, and 

highlight the interdependent nature of nodal and Wnt transcriptional mediators in 

development.
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The p53 Family and Mesendoderm Differentiation

Our allelic series of knockouts of p53 family members show that p53, p63 and p73 play a 

critical role in mesendoderm specification of pluripotent progenitors within the embryo. All 

three p53 family members can fulfill this role. In line with previous reports (Lin et al., 2005; 

Lutzker and Levine, 1996; Shigeta et al., 2013), we observed high expression of p53 in early 

embryo, EBs and ESCs. Expression of p63 and p73 in mouse embryos and EBs varies 

depending on the culture conditions. Mouse embryos express all p53 family members in a 

dynamic pattern around the time of gastrulation, providing opportunities for redundant 

functionality.

The functional overlap of the p53 family members in mesendoderm specification would 

mask their role in gastrulation in single or double knockout mice. Indeed, Trp53 mutant 

mice develop normally (Donehower et al., 1992) whereas Trp63 mutant and Trp73 mutant 

mice have late but not early developmental defects (Mills et al., 1999; Yang et al., 1999; 

Yang et al., 2000). Evidence for a role of the p53 family in the early embryo rested on 

transgenic overexpression of ΔNp73, a dominant negative inhibitor of all p53 family 

members that causes embryonic lethality at gastrulation (Erster et al., 2006; Huttinger-

Kirchhof et al., 2006; Yang et al., 2000). We now show that strong TKO chimeras fail to 

execute normal gastrulation and TKO cells in chimeras do not express mesendodermal 

differentiation markers.

Compared to naïve mouse ESCs, human ESCs are generally believed to be developmentally 

more advanced, corresponding to a primed state of pluripotency (Mascetti and Pedersen, 

2016). Wnthigh hESCs predominantly form endodermal and cardiac cells, whereas Wntlow 

hESCs generate primarily neuroectodermal cells (Blauwkamp et al., 2012). We show that 

TP53/63/73 TKO hESCs are defective in the initiation of primitive streak/mesendoderm 

differentiation.

p53 Family Links to Wnt

p53 activity in mESCs is kept in check by LIF through Aurka, a constraint that is relieved as 

Aurka levels drop upon LIF removal (Lee et al., 2012). This regulatory potential seems to be 

conserved in p63 and p73. The timing of Aurka decline in differentiating EBs coincides with 

the onset of Wnt3 expression and the induction of mesendoderm differentiation genes. Wnt3 
and the Wnt receptor gene Fzd1 are members of a small set of direct p53 family target genes 

that become activated in differentiating ESCs. p53, 63 and p73 directly bind to a common 

regulatory element in Wnt3 to drive its expression. Therefore, Wnt3 and Fzd1 are direct p53 

transcriptional targets for the control of mesendoderm differentiation.

The ability of p53 to induce the expression of Wnt and Fzd1 in ESCs is not unprecedented. 

Treatment of pluripotent ESCs with DNA damaging agents can trigger p53-dependent 

expression of Wnt components (Lee et al., 2010). However, this xenotoxic response was of 

unknown relevance to the developmental context and, moreover, it was interpreted as a 

mechanism for p53-dependent inhibition of differentiation. In contrast, our evidence reveals 

that Wnt expression is low in pluripotent cells, and is significantly elevated by p53/63/73 at 
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the onset of differentiation. Wnt signaling activated under differentiation-permissive 

conditions cooperates with Nodal signaling and drives mesendoderm specification.

Some of the other p53 target genes associated with ESC differentiation (Ccng1, Cdnk1a, 
Phlda3; refer to Figure 6A) are also regulated by p53 targets in the context of DNA damage 

responses in other cell types (el-Deiry et al., 1993; Kawase et al., 2009; Okamoto and Beach, 

1994). Overall however, the p53 target gene set in the context of mesendoderm 

differentiation does not resemble a canonical DNA damage response (Riley et al., 2008). 

Typical p53-regulated pro-apoptotic genes, for example, are absent. DNA damage caused 

p53 to repress Nanog in ESCs (Lin et al., 2005), but we observed no change in Nanog 
expression in p53/73-depleted ESCs. The late developmental phenotypes of Trp63 and 

Trp73 mutant mice might also involve altered Wnt signaling. For example, the developing 

limbs in Trp63 mutant embryos lack an apical ectodermal ridge (Mills et al 1999).

Integration of Nodal and Wnt Inputs

The Wnt and TGF-β pathways jointly regulate progenitor identity and differentiation in 

many contexts (Brennan et al., 2001; Clevers and Nusse, 2012; Massagué, 2012). The 

present identification of the p53 family as central integrators of Wnt3 and nodal inputs in 

mesendoderm differentiation provides an expanded view of the synergistic properties of 

these two pathways, and a previously unrecognized level of interdependency between Tcf 

and Smad transcription factors.

Nodal target genes in differentiating ESCs fall into two classes depending on the 

requirement for p53. Genes of the p53-independent class contain Smad2/3 binding 

enhancers that are not enriched for TCF binding sites or bound by Tcf3. These genes include 

nodal/Smad pathway feedback regulators, among others. Genes in the p53-dependent class 

contain Smad2/3 binding enhancers that are co-occupied by Tcf3, and include mesendoderm 

identity genes. Nodal-activated Smad2/3 and Wnt-activated Tcf3 cooperate in binding to 

common target enhancers in these genes, driving this crucial developmental transition during 

gastrulation. Nodal expression and Smad2/3 activation are constitutive in differentiating 

ESCs, whereas Wnt3 expression for β-catenin/Tcf activation requires the upstream input of 

the p53 family.

The evidence suggests that the p53 family governs the integration of Wnt and nodal signals 

for mesendoderm differentiation. Although the present work highlights the importance of 

this p53-Wnt-Nodal network in mesendoderm differentiation, this process is also regulated 

by other determinants including histone modifications (Bernstein et al., 2006; Whyte et al., 

2012), chromatin topology (Dixon et al., 2015), chromatin remodeling (Alexander et al., 

2015) and cell cycle regulators (Pauklin and Vallier, 2013). It will be of interest to discern 

how these regulatory and epigenetic events converge and interlock to regulate the transition 

from pluripotency to lineage restricted progenitors during early embryogenesis and possibly 

also the differentiation of adult stem cells during tissue homeostasis, regeneration and 

tumorigenesis.
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EXPERIMENTAL PROCEDURES

Generation of chimeric embryos

mCherry expressing single ESC colonies were picked and micro-injected 3 days after culture 

on MEF feeder layers. 10–15 ESCs from each group were injected into E3.5 blastocysts 

(C57BL/6N Taconic) on a Nikon (Eclipse-Ti) microscope equipped with Narishige 

micromanipulators. Injected blastocysts were cultured in KSOM /AA (Millipore) at 37°C in 

an atmosphere of 5% CO2 for 2–3 h until blastocyst cavity expansion and implanted into the 

uterine horns (10 embryos per horn) of E2.5 pseudopregnant females (CD-1: Charles River) 

using standard protocols. Chimeric embryos were recovered at E7.25, E7.75, E8.5 and 

E10.5.

Genome-editing with CRISPR/Cas9

sgRNAs targeting genomic regions of interest were designed using CRISPR Design Tool 

(http://crispr.mit.edu/) (Hsu et al., 2013) and synthesized by IDT, Inc. Single cells were 

sorted onto irradiated MEF feeder for increased viability through FACS 72h post-

transfection. Mutant clones were first screened through aberrant melting temperature of 

qPCR products, then verified by PCR, TA-cloning and Sanger sequencing individually. 

sgRNA target sequences are listed in Supplemental Experimental Procedures. Annealed 

sgRNA oligos were cloned into pX330-U6-Chimeric_BB-CBh-hSpCas9, pSpCas9(BB)-2A-

GFP or pSpCas9n(BB)-2A-GFP Addgene vectors (Ran et al., 2013) and transiently 

transfected into mouse ES cells with Lipofectamine 3000 (Life Technologies).

H1 hESCs were used for generating TP53/63/73 TKO lines using the iCRISPR 

method(Gonzalez et al., 2014). Cells were infected with lentivirus-based sgRNAs targeting 

p53, p63 and p73 (sgRNA sequences are listed in Supplemental Experimental Procedures). 

Cas9 expression was induced by addition of doxycycline (2 µg/ml) for 5 days. H1 hESCs 

were grown at single cell density to allow for clonal cell line expansion and isolation. 

Genotyping and expansion of hESC clones was performed as previously published (Zhu et 

al., 2014).

Chromatin immunoprecipitation

ChIP was performed as previously described (Xi et al., 2011), mESCs and EBs were 

collected from cells that were incubated with human recombinant activin A (AC, 50 ng/ml; 

R&D Systems) for 2 h or SB431542 (SB, 10µM, Tocris) for 2–4 h, as indicated in each 

experiment. Antibodies and qPCR primers pairs are provided in the Supplemental 

Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The p53 family redundantly drives mesendodermal differentiation
A. Heatmap presentation of RNA-Seq transcriptomic analysis of mESCs at the indicated 

times after placement in LIF-free media. Row z scores of genes that were differentially 

expressed after d0 are included. Representative pluripotency-associated genes (green), early 

mesendoderm lineage marker genes (red), and early ectoderm marker genes (blue) are 

highlighted. Two biological replicates at each time point were analyzed.
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B. qRT-PCR analysis of mRNA levels of the indicated genes in Trp53+/+ and Trp53−/− cells 

under EB suspension or ES monolayer differentiation conditions. n=3 for each condition. 

Error bars represent s.e.m and are used for all the following figures.

C. Levels of the indicated mRNAs during EB differentiation of Trp53+/+ or Trp53−/− cells 

that were transduced with shRNA vectors targeting control (Luciferase) or two independent 

shRNA vectors targeting Trp73. Experiment was performed in triplicate and a representative 

result is presented..

D. Western immunobloting analysis of indicated proteins in control (Trp53+/+;Ctrlsh) and 

p53/p73-depleted (Trp53−/−;Trp73sh) cells over 5 days under EB differentiation conditions. 

Tubulin was used as a loading control.

E. Volcano plot of RNA-Seq transcriptome data sets of day-4 EBs derived from control 

(Trp53+/+;Ctrlsh) and p53/p73-depleted (Trp53−/−;Trp73sh) cells. Green: genes down-

regulated in Trp53−/−;Trp73sh (fold change <0.5, p <0.05); red: genes up-regulated in 

Trp53−/−;Trp73sh (fold change >2, p <0.05). Lineage specification genes for mesendoderm 

or ectoderm are indicated. Genes in parentheses are not known to have germ layer 

specification functions. Two biological replicates for each condition were analyzed.

F. Gene Ontology analysis of the genes that were down-regulated in Trp53−/−;Trp73sh cells 

comparing to Trp53+/+;Ctrlsh cells. The most significantly enriched Biological Processes GO 

terms with p values are listed.

See also Figure S1.

G. mRNA levels of mesendoderm marker genes (Gsc, Mixl1, T, Eomes, Fgf8 and Foxa2), 

pluripotency-associated gene (Nanog) and Nodal feedback genes (Skil and Smad7) in d3 

EBs that were treated with nodal/activin receptor inhibitor SB431542 (SB) or activin A (AC) 

for 2 h.

Wang et al. Page 18

Cell Stem Cell. Author manuscript; available in PMC 2018 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Trp53/Trp63/Trp73 triple knockout leads to early defects in mouse embryo development
A. Scheme of blastocyst injection, brightfield and red fluorescence (mCherry) images of 

embryo chimeras, comprising control (WT), Trp53/63/73 TKO, and Trp63/73 DKO ES 

cells, dissected at E10.5 and E7.75. Level of chimerism of each embryo is classified as 

strong (s), intermediate (i) or weak (s) based on mCherry fluorescence. Panels a and b depict 

high magnification bright field images of strong TKO chimeric embryos recovered at each 

stage, but arresting around the same time, highlighting developmental delay and defects in 

the primitive streak and headfold regions.
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B. 3D reconstructions of z-stacks of confocal images of transverse sections of control and 

TKO ES cell containing embryo chimeras recovered at E8.75 (~10 somite stage wild-type) 

depicting mCherry (red, ES cell descendants), T expression (green) and nuclear (DAPI, 

blue) localization. By contrast to control chimeras which exhibited normal morphology, and 

having uniform and extensive distribution of mCherry cells, TKO ES cell chimeras exhibited 

morphological defects including an abnormally round neural tube, dorsal neuroectodermal 

protrusions (asterisks), non-uniform ventral midline, and flattened gut endoderm exhibiting 

an absence of mCherry cells. Scale bars: 50 µm

C. Confocal microscope images taken of serial sectioned embryo chimeras comprising 

control and TKO ES cells dissected at E7.25 depicting mCherry (red), FoxA2 expression 

(green) and nuclear (DAPI, blue) localization. TKO ES cell chimeras exhibit an 

accumulation of cells at the primitive streak and protrusion into the amniotic cavity (bottom 

row), which is consistent with a defect at gastrulation. FoxA2 is expressed in WT but not 

mCherry-positive mutant cells within the expanded primitive streak protrusion. Note that the 

unaffected FoxA2-positive cell population on the embryo’s surface is visceral endoderm, 

which is not pluripotent epiblast-derived. Scale bars: whole mount view: 100 µm, transverse 

section: 50 µm; high magnification view: 20 µm.

See also Figure S2.
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Figure 3. The p53 family selectively enables Smad binding to mesendoderm genes
A. Heatmap of ChIP-Seq tag densities for Smad2/3 and p53 within −3kb/+3kb genomic 

regions surrounding the centers of 4445 high-confidence Smad2/3 binding sites in WT d3 

EBs treated with SB or AC. Color key represents log2 tag density distribution.

B. Heatmap of ChIP-Seq tag densities for Smad2/3 and p53 within −3kb/+3kb genomic 

regions surrounding the centers of 2776 high-confidence p53 binding sites in WT d3 EBs 

treated with SB or AC. Color key represents log2 tag density distribution.
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C. Gene track view for Smad2/3 ChIP-Seq data in the indicated loci, cell lines, and 

conditions. Gene bodies are schematically represented at the bottom of each track set. 

Dashed boxes indicate p53/p73-dependent Smad2/3 binding sites.

D. Heatmap of Smad2/3 tag densities within −3kb/+3kb genomic regions surrounding 

centers of 4445 high-confidence Smad2/3 binding sites, in Trp53+/+;Ctrlsh or 

Trp53−/−;Trp73sh d3 EBs that were treated for 2 h with SB or AC. Color key represents log2 

tag density distribution.

E. Peak score plot for the most significant p53/p73-independent (left) and p53/p73-

dependent (right) Smad2/3 binding sites (fold change >2.0 and p <0.01). Genes adjacent to 

the highest intensity peaks are indicated.

See also Figure S3.
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Figure 4. Tcf3 cooperates with Smad2/3 to activate mesendoderm gene enhancers
A. Enriched known transcription factor binding motifs in p53/p73-independent Smad2/3 

binding sites (left) and p53/p73-dependent Smad2/3 binding sites (right).
B. Scheme of CRISPR/Cas9-mediated mutagenesis of the Eomes −10kb distal enhancer 

region. Gene track view for Smad2/3 ChIP-Seq tag density at Eomes locus at the top panel 

highlights the targeted region. The DNA sequence of targeted region and the positions of 

Smad binding elements (CAGAC/T) (SBE, blue) and Tcf binding element (TCAAAG) 

(TBE, red) are indicated. Middle panel, evolutionary conservation scores in vertebrates. 
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Bottom, black horizontal bars represent the remaining genomic regions in mutant (Mut1–3) 

clones whereas the thin lines indicate deleted regions.

C. Scheme of the CRISPR/Cas9-mediated mutagenesis of the Gsc +6kb distal enhancer 

region. Each part is labeled as in B.

D. qRT-PCR analysis of Eomes mRNA expression in d0 to d6 EBs derived from WT or 

Eomes −10kb enhancer mutant clones. Gene expression level is normalized to d0 WT 

samples. n=3.

E. qRT-PCR analysis of Eomes and Smad7 expression in AC or SB treated d3 EBs derived 

from WT or Eomes −10kb enhancer mutant cells. n=3.

F. qRT-PCR analysis of Gsc mRNA expression in WT or Gsc +6kb distal enhancer mutant 

clone. Gene expression level is normalized to d0 WT samples. n=3. * P<0.05, Mann-

Whitney test.

G. Analysis of Smad2/3, Lef1, Tcf1 (Tcf7), Tcf3, and Tcf4 binding (ChIP-qPCR) to the 

Eomes −10kb, Foxa2 −50kb, Gsc +6kb enhancers, and Axin2 proximal promoter in d3 EBs 

treated with SB or AC for 2 h.

H. Gene track view of Eomes, Foxa2 and Gsc locus. Tcf3 and Smad2/3 ChIP-Seq were 

performed in AC-treated d3 EBs (Differentiation), and in d0 non-treated mouse ES cells 

(Pluripotency). Pre-cleared chromatin prior to primary antibody addition (Input) was used as 

negative control. Tag densities were normalized to reads per million reads (RPM). The gene 

structures from RefSeq are schematically represented at the bottom.

I. Heatmap of tag densities of ChIP-Seq data sets from the indicated conditions, within 

−3kb/+3kb genomic regions surrounding centers of 4445 high-confidence Smad2/3 binding 

sites. ChIP-Seq data for the indicated proteins and input control are from AC treated d3 EBs. 

Color key represents log2 tag density distribution.

See also Figure S4.
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Figure 5. Wnt expression is rate limiting for the onset of mesendoderm differentiation
A. ChIP-qPCR analysis of Smad2/3 and Tcf3 binding to the Eomes −10kb, Foxa2 −50kb 

and Gsc +6kb enhancers of EBs at the indicated times in LIF-free culture media. SB was 

added as indicated to inhibit signaling by endogenous nodal.

B. Heatmap of Wnt family mRNA expression levels (RNA-Seq) during d0 to d4 EB 

differentiation. Scale represents the log2 normalized read counts. Eomes, Foxa2, Gsc, 
Mixl1, Nodal and Inhba (encoding Activin A) expression levels are also presented for 

reference. Two biological replicates were analyzed for each condition.
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C. ChIP-qPCR analysis of Tcf3 and Smad2/3 binding to the Eomes −10kb, Foxa2 −50kb 

and Gsc +6kb and enhancers in d3 EBs treated with SB or AC, and with DMSO or Wnt 

signaling inhibitors, Dkk1, IWP-2 or XAV939 as indicated.

D. Analysis of indicated mRNA levels (qRT-PCR) in d3 EBs that were incubated with SB or 

AC for 2 h. Wnt signaling inhibitors Dkk1, IWP-2 or XAV939, or DMSO vehicle were 

added as indicated.

E. Scheme of CRISPR mediated FLAG-HA epitope tagging for Ctnnb1/β-catenin N-

terminus.

F. Western immunoblot analysis for β-cateninFLAG-HA (β-CatF-H) cell line that was inserted 

with FLAG-HA tags at Ctnnb1 N-terminus.

G. Anti-HA ChIP-qPCR analysis at Eomes −10kb and +9kb, Foxa2 −53kb, −50kb and 

−37kb, and Gsc +6kb enhancers.

See also Figure S5.
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Figure 6. The p53 family controls Wnt3 expression
A. Table representing the top 24 genes that were differentially expressed (fold change >3, 

p<0.05, mean normalized read counts > 100) in response to p53/p73-depletion by RNA-Seq, 

and exhibited significant p53-binding with 50kb from TSS. Genes are ranked by their fold 

change in RNA-Seq analysis.

B. Gene track view for p53 ChIP-Seq data or input control at the Wnt3 locus. RefSeq gene 

bodies are schematically represented at the bottom of each track set.
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C. Analysis of p53 binding (ChIP-qPCR) to the Wnt3 −1.5kb element in d3 EBs treated 

with SB or AC for 2 h. ChIP with non-specific IgG was used as negative control.

D. Evolutionary conservation score plot for the p53-binding region near the Wnt3 promoter, 

and DNA sequence alignment of the peak center in multiple species highlighting the p53 

consensus binding sequence.

E. Scheme of CRISPR/Cas9-mediated mutagenesis of the Wnt3 promoter region. Bottom 

black horizontal bars represent the remaining genomic regions in mutant (Mut1–3) clones 

whereas the thin lines indicate deleted regions. The p53-binding motif is indicated as a blue 

box. qRT-PCR analysis of Wnt3 and Gsc upon LIF removal are shown below.

F. ChIP-qPCR analysis of exogenous FLAG-hTAp63 and HA-hTAp73 binding at Wnt3 
−1.5kb enhancer region in Trp53−/−;Trp73sh day 4 EB treated with SB or AC for 2 h. 

Antibodies that recognizes FLAG, HA tags, or specifically human TAp63 and TAp73 were 

used for ChIP. Non-specific IgG were used as negative control.

G. Western immunoblot analysis of Wnt3 expression in EBs derived from Trp53+/+;Ctrlsh 

and Trp53−/−;Trp73sh ES cells at indicated time points. Tubulin was used as loading control.

H. Analysis of Smad2/3 binding (ChIP-qPCR) to the Gsc +6kb enhancer in d3 EBs from 

Trp53+/+;Ctrlsh or Trp53−/−;Trp73sh ES cells transduced with p53SA or p53SD, followed by 

2h SB or AC treatment.

I. Western immunoblot analysis of Wnt3 and p53 family protein levels in EBs from control 

ES cells (Trp53+/+;Ctrlsh), or p53/p73-depleted cells (Trp53−/−;Trp73sh), or p53/p73-

depleted cells expressing empty vector or Aurka-resistant (p53SA, p63SA, p73SA) or Aurka 

phosphorylation mimic (p53SD, p63SD, p73SD) mutant forms of p53 family members. 

Tubulin was used as loading control.

See also Figure S6.
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Figure 7. Wnt3 mediates p53 family action in mesendoderm specification
A. qRT-PCR analysis of indicated mRNA levels in control ES cells (Trp53+/+;Ctrlsh), or p53/

p73-depleted cells (Trp53−/−;Trp73sh), that were treated with or without recombinant mouse 

Wnt3a (mWnt3a) for 24h, followed by addition of SB or AC for 2 h.

B. qRT-PCR analysis of indicated mRNA levels in p53/p73-depleted cells with doxycycline 

(Dox)-inducible expression of Wnt3, Tcf3 or empty vector control. Assays were performed 

at d0 or day 4 of Dox treatment under differentiation conditions. Error bars represent s.e.m.
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C. Quantitation of Eomes (green) signal in Panel C. Each dot represents the signal 

measurement from one EB. P value was calculated using Mann-Whitney test.

D. Immunofluorescence analysis of Eomes (green) in d3 EBs derived from the 

Trp53+/+;Ctrlsh, Trp53/63/73 TKO, or Trp53−/−;Trp73sh ES cells. Cells were treated with AC 

for 2h or AC plus mWnt3a for 20h. Scale bars, 50µm. Phalloidin (red) was used to stain F-

actin and mark the cell boundaries.

E. qRT-PCR analysis of mRNA levels in control H1 hESC line with or without IWP-2 

treatment, and in TP53KO and TP53/63/73 TKO derivative cell lines during BMP4 and AC 

induced differentiation.

F. Scheme of the p53 family-Wnt-Nodal network driving mesendoderm specification.

See also Figure S7.
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