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Abstract
The mechanism by which DNA-damage affects self-renewal and pluripotency remains unclear. DNA damage and repair 
mechanisms have been largely elucidated in mutated cancer cells or simple eukaryotes, making valid interpretations on early 
development difficult. Here we show the impact of ionizing irradiation on the maintenance and early differentiation of mouse 
embryonic stem cells (ESCs). Our findings demonstrate that irradiation induces the upregulation of the p53 family genes, 
including p53, p63, and p73, resulting in elevated expression of the E3 ubiquitin ligases Itch and Trim32. Consequently, this 
impairs ESC maintenance by reducing the protein levels of key pluripotency transcription factors in both mouse ESCs and 
early embryos. Notably, our study reveals that irradiation-induced DNA damage leads to the recruitment of the BAF com-
plex, causing it to dissociate from its binding sites on the target genes associated with the Yap, Wnt, and TGF-β pathways, 
thereby increasing signaling and promoting differentiation of ESCs into all three lineages. Importantly, pathway inhibition 
demonstrates that DNA damage accelerated ESC differentiation relies on Wnt and TGF-β, and is selectively dependent on 
p53 or p63/ p73 for mesoderm and endoderm respectively. Finally, our study reveals that p53 family proteins form complexes 
with effector proteins of key signaling pathways which actively contribute to ESC differentiation. In summary, this study 
uncovered a mechanism by which multiple differentiation signaling pathways converge on the p53 family genes to promote 
ESC differentiation and are impacted by exposure to ionizing radiation.
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Introduction

Ionizing Radiation (IR) is a type of electromagnetic radia-
tion generated by X-ray machines, fluoroscopy, radioiso-
topes, and nuclear environmental disasters, originating 
from diverse sources such as cosmic rays, radioactive 
materials used in medical and industrial processes, and 
natural radiation from the Earth. The use of radiation-
based equipment for diagnosis and disease treatment has 
raised concerns about its detrimental effects on human 
health, particularly in relation to fetal malformation, abor-
tion, and childhood cancers [1, 2]. The early stages of 
human embryonic development are highly sensitive and 
vulnerable to various teratogenic agents, including ioniz-
ing radiation [3]. ESCs are pluripotent cells derived from 
the inner cell mass of blastocyst-stage embryos [4–6]. 
ESCs own the capacity to self-renew indefinitely in vitro 
and to differentiate into every cell type of the body, there-
fore serve as an in vitro surrogate for the preimplanta-
tion embryo in assessing the biological effects of ionizing 
radiation during early development.

Several studies have examined the DNA damage 
response of mouse and human embryonic stem cells, not-
ing variation in cell cycle regulation, p53 signaling, and 
apoptosis compared to cancer cell lines [7–12]. Intrigu-
ingly, some investigations have suggested irradiation can 
affect ESC maintenance and differentiation [2, 12–17]. 
Despite significant apoptosis observed in γ-irradiated 
human embryonic stem cells and X-ray-irradiated mouse 
embryos, the transcript levels of major pluripotency genes 
Oct4, Sox2, and Nanog did not exhibit significant changes 
[13, 15]. Surprisingly, surviving γ-irradiated human 
embryonic stem cells appeared to retain their pluripo-
tency and capacity to form all three embryonic germ layers 
[13]. Similarly, Hayashi et al. [15] reported that low-dose 
X-ray-irradiated preimplantation embryos developed into 
morphologically normal blastocysts that could be suc-
cessfully implanted and survive in the uterus. However, 
further studies have demonstrated that irradiation impairs 
the later stage differentiation of ESCs into cardiomyocytes 
and neurons [2, 12, 16]. Moreover, Gene ontology analysis 
has additionally revealed significant alterations in devel-
opment of cardiovascular, nervous, circulatory, and renal 
systems in mESCs upon X-irradiation [12, 17], suggesting 
viable embryo may be significantly impaired from devel-
oping or have significant physiological issues. Thus, the 
level of exposure and the detailed mechanism by which 
irradiation affects self-renewal and pluripotency remains 
is vital to understand but remains unclear.

In this study, we investigated the impact of ionizing 
X-ray irradiation on the maintenance and early differ-
entiation of mouse ESCs. Our findings demonstrate that 

irradiation induces the upregulation of the p53 transcrip-
tion factor family, including p53, p63, and p73, result-
ing in elevated expression of the E3 ubiquitin ligases Itch 
and Trim32. Consequently, this impairs ESC maintenance 
by reducing the protein levels of key pluripotency tran-
scription factors in both mouse ESCs and early embryos. 
Furthermore, we have provided evidence that irradiation 
treatment promotes the differentiation of ESCs into all 
three lineages by activating the Wnt, Hippo, and TGF-β 
signaling pathways. Significantly, our study reveals that 
irradiation-induced DNA damage leads to the recruit-
ment of the BAF complex, causing it to dissociate from its 
binding sites on the target genes associated with the Yap, 
Wnt, and TGF-β pathways. Consequently, this relieves the 
inhibitory effect of the BAF complex on the activity of 
these pathways. This accelerated ESC differentiation can 
be rescued by inhibiting the Wnt or TGF-β pathways or by 
limiting the expression of p53, p63, and p73. Additionally, 
we found that p63 and p73 activity appears specifically 
selective for mesoderm differentiation while p53 activity 
is associated with endoderm differentiation.

Materials and methods

Animals and mouse embryo collection

Specific pathogen-free (SPF) mice were housed in the ani-
mal facility of Tongji University, Shanghai, China, and all 
animal experiments were carried out in accordance with the 
Tongji University Guide for the Use of Laboratory Animals.

C57BL/6 (6–8 weeks old) female mice were superovu-
lated by injecting 7 IU of pregnant mare serum gonadotropin 
(PMSG) and then injecting 7 IU of human chorionic gon-
adotropin (hCG) 48 h later. Superovulated C57BL/6 female 
mice were mated with B6D2F1 (C57BL/6 × DBA2) male 
mice after hCG injection, and then, the zygotes (E0.5) were 
collected at 22–24 h post-hCG injection and cultured in G1 
medium at 37 °C and 5% CO2.

Embryo immunostaining

The embryos were irradiated once with 2 Gy x-ray at E2.5 
and E3.5, and cultured in vitro to E4.5 before immunostain-
ing experiments. Upon reaching E4.5, the embryos were 
fixed in 4% paraformaldehyde for 1 h at room temperature 
(RT), then washed twice in 0.5% BSA-PBS for 10 min each. 
The samples were treated with 0.5% Triton X-100 in 3% 
BSA-PBS for 1 h at RT. After two washes as described 
above, the samples were incubated in primary antibody at 
4 °C overnight in 3% BSA-PBS solution, then washed twice 
as above. The samples were incubated with secondary con-
jugated antibody in 3% BSA-PBS at RT for 1 h, then washed 
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twice as above. The nuclei were counterstained with DAPI 
for 20 min at RT, then washed twice as above, the embryos 
were observed for fluorescence under a laser-scanning con-
focal microscope (LSM880, Zeiss).

Cell culture and differentiation

Mouse E14 ESCs were cultured in DMEM (Hyclone) 
supplemented with 10% FCS (Gibco), 1xNEAA (Gibco), 
1 mM sodium pyruvate (Gibco), 0.1 mM 2-mercaptoethanol 
(Sigma), 2 mM L-glutamine (Gibco), and LIF (Millipore) 
on 0.1% gelatin (Sigma) coated plates. ESCs were frozen in 
ES medium with 10% of DMSO.

Induction of Embryoid Bodies (EBs): ESCs dissociated 
with 0.05% of trypsin were centrifuged and re-suspended in 
ES medium without LIF, and then plated in ultra-low attach-
ment dishes to induce the formation of EBs. Cultures were 
maintained for indicated days and incubated at 37 °C with 
5% CO2. EBs were collected for qPCR analysis.

Plasmid construction and generation of mutant 
ESCs

1. gRNA Vectors: Single guide RNAs (sgRNAs) were 
designed using the Benchling website (www.​bench​ling.​com/​
crispr/). To create plasmids with dual sgRNA constructs 
under the control of two separate U6 promoters, PCR ampli-
cons derived from the pUC57 plasmid were ligated into the 
pGL3-U6-2sgRNA-CCDB-EF1α-Puro vector, which had 
been pre-digested with BsaI. Vectors were confirmed by 
Sanger sequencing.

2. Overexpression Plasmids: The coding regions of the 
target genes were amplified by PCR using cDNA from 
mouse or human ESCs as templates. The purified PCR prod-
ucts were ligated into the pPBH-TREtight-MLC-EGFP vec-
tor using homologous recombination enzymes (Vazyme).

3. Generation of Knockout ESCs: 2  μg of sgRNA 
vector(s) targeting specific genes and pCas9 plasmid 
(Addgene #41815) were co-transfected into ESCs using 
Lipofectamine 3,000 (Invitrogen). After 7 days’ selection 
with 1ug/ml of Puro, or 10 μg/ml of BSD, colonies were 
picked up for genotyping, and finally confirmed by Sanger 
sequencing and Western blot analysis.

4. Generation of Gene Overexpression ESCs: Overex-
pression plasmids were transfected into ESCs using Lipo-
fectamine 3,000 (Invitrogen). Following hygromycin selec-
tion at a concentration of 100 μg/ml for 5 days, Western 
blotting was employed for genotyping.

Irradiation of ESCs and embryos

In this study, the Rad Source RS-2000 Pro irradiator was 
employed. For mouse embryos, irradiation was performed 

once with 2 Gy x-ray at E2.5 and E3.5, followed by in vitro 
culture until E4.5 before conducting immunostaining experi-
ments. For ESCs, unless they were intended for the colony 
formation experiment, approximately 5 × 105 cells were irra-
diated twice within 48 h with 8 Gy x-ray each. The irradiated 
cells were then cultured for 24 h before proceeding with 
further experiments.

Co‑Immunoprecipitation (Co‑IP) experiments

Approximately 1 × 107 cells were lysed in 600 μl of lysis 
buffer (1% NP-40, 5% 1 M Tris–HCl pH 8.0, 0.15 M NaCl, 
and 2% protein inhibitor cocktail) and incubated at 4 °C for 
20 min. Following centrifugation at 14,000 rpm for 10 min 
at 4 °C, the supernatants were incubated with specific pri-
mary antibodies on a rocker at 4 °C for 1–2 h. Protein G 
magnetic beads (20 μL) were added and incubated overnight 
at 4 °C, followed by three washes with lysis buffer to remove 
non-specific proteins. The immunoprecipitated complexes 
were eluted by heating with 100 μl of 2 × loading buffer at 
100 °C for 5 min. Eluted proteins were analyzed by Western 
blotting.

Western blot analysis

Protein samples were fractionated on 10% SDS-PAGE gels, 
electroblotted onto PVDF membranes (Millipore), and mem-
branes probed sequentially with respective antibodies. Blots 
were incubated with secondary antibodies and developed 
with ECL Plus (Bio-Rad) using CLINX chemiluminescence 
imager (ChemiScope S6). The antibody information was 
listed in supplementary Table S1.

Quantitative RT‑PCR

Quantitative RT-PCR was performed using a ViiA7 real-
time PCR system (Applied Biosystems) following a 3-step 
protocol. Total RNA was isolated using the FastPure Cell/
Tissue Total RNA Isolation Kit V2 (Vazyme), and cDNA 
was synthesized with the HiScript II Q RT SuperMix 
(Vazyme). The PCR conditions included an initial dena-
turation step at 95 °C for 30 s, followed by 40 cycles of 
denaturation at 95 °C for 10 s and annealing/extension at 
60 °C for 40 s. Real-time PCR reactions were conducted 
with Taq Pro Universal SYBR qPCR Master Mix (Vazyme), 
and gene expression levels were normalized to Gapdh tran-
script levels. qRT-PCR data were analyzed by GraphPad 
prism. Error bars represent the standard deviation of three 
technical replicates from a representative experiment. Primer 
sequences used for qPCR analysis are detailed in supple-
mentary Table 1.

http://www.benchling.com/crispr/
http://www.benchling.com/crispr/
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RNA‑seq and ChIP‑qPCR experiments

RNA-seq and ChIP-qPCR experiments were conducted as 
previously described [18]. Mouse ESCs were cultured with 
and without 8 Gy of X-ray treatment, administered twice 
over 2 days, for RNA-seq and ChIP experiments.

For RNA-seq experiments, total RNA was extracted 
using the FastPure Cell/Tissue Total RNA Isolation Kit V2 
(Vazyme #RC112-01), and sequencing was performed by 
GENEWIZ. The RNA Integrity Number (RIN) values for 
both control and irradiation-treated samples were above 
6.8. RNA-seq was conducted using 10 ng of RNA and the 
VAHTS Universal V10 RNA-seq Library Prep Kit for Illu-
mina (NR606-01) on an Illumina NovaSeq platform.

For ChIP-qPCR experiments, approximately 10^7 cells 
were crosslinked with a 1% formaldehyde solution. Follow-
ing cell lysis, chromatin was sheared by sonication using a 
Bioruptor Plus (Diagenode) and immunoprecipitated with 
1 µg of the indicated antibody and Protein G Beads (Thermo 
Scientific #88847). The DNA, once de-crosslinked, was 
purified using a DNA Purification Kit (Qiagen #) and subse-
quently used for qPCR analysis, with bound regions detected 
using paired primers listed in supplementary Table 1.

Apoptosis assay

A total of 1X106 cells were washed with PBS then labeled 
with 7-AAD (BD Pharmingen) and Annexin-V (Biolegend) 
for 15 min at room temperature. Cells were washed with 
PBS and measured using a FACS Canto II flow cytometer 
(BD Biosciences, San Jose, CA). Analysis was performed 
using the Flowjo software (TreeStar, Ashland, OR).

Colony formation assay

For colony formation assays, cells were irradiated once with 
4 Gy x-ray irradiation and cultured for 24 h before being 
dissociated with trypsin and plated in a 10 cm plate. ESCs 
were cultured for 7 days and stained for alkaline phosphatase 
using the AP staining kit (Sigma). We scored colonies 
with ~ 90% AP-positive cells as undifferentiated, colonies 
with ∼ 5% AP-positive staining cells as differentiated, and 
colonies of intermediate AP-positive cell number as partially 
differentiated.

Cell cycle assay

Cells were washed with cold PBS, fixed in 70% ethanol for 
2 h. Subsequently, cells were stained with propidium iodide 
(PI) (50 mg/ml, Sigma). PI was visualized using a FACS 
Canto II flow cytometer (BD Biosciences, San Jose, CA). 
Analysis was carried out using the Flowjo software (Tree-
Star, Ashland, OR).

Immunofluorescence staining of ESCs

Cells were fixed in 4% paraformaldehyde for 10 min at 
room temperature, blocked, and permeabilized with 3% 
serum in PBS with 0.3% Triton X-100 and then incubated 
with the indicated antibodies at 4 °C overnight. After wash-
ing, cells were incubated with secondary antibodies (1.5 h, 
room temperature), and counter-stained with DAPI to detect 
nuclei. The antibody information was listed in supplemen-
tary Table 1. Images were captured using an Olympus IX83 
microscope with a 10 × objective lens.

RNA seq data analysis

For RNA-seq data analysis, reads were aligned to the mouse 
genome assembly mm10.GRCm38 using HISAT2 version 
2.2.1 using default parameters. Gene expression was quanti-
fied by featureCounts version 2.0.3. Differential gene expres-
sion analysis was performed via DESeq2 version 1.38.3 
in R. The screening criteria for identifying differentially 
expressed genes were defined as Padj < 0.05 and |log2Fold-
Change|> = 2. Clustering and visualization of differentially 
expressed genes were conducted using the R package pheat-
map version 1.0.12 and ComplexHeatmap version 2.14.0.

ChIP‑seq data analysis

ChIP-seq data analysis was performed as previously 
described [18]. The published sequencing datasets used in 
this study were listed in supplementary Table 2.

Quantification and statistical analysis

For all qPCR experiments, one of the three or more bio-
logical repeats was presented. All qPCR data represent the 
mean of three technical replicates. All error bars represent 
standard deviation (SD). The Student’s t test (unpaired, two-
sided) was used to determine the significance of changes in 
the qPCR using Microsoft Excel. * indicates p < 0.05, ** 
p < 0.01, *** < 0.001. For RNA-seq experiments, two sam-
ples of the control and irradiated cells (ESCs treated with 
and without irradiation) from independent experiments were 
selected.

Results

Irradiation impacts ESC self‑renewal, resulting 
in elevated apoptosis rates and cell‑cycle 
abnormalities

To evaluate the impact of X-ray irradiation on the self-
renewal capacity, ESCs were first exposed to irradiation 
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and colony formation monitored, decreased numbers of 
ESC colonies indicated self-renewal ability was significantly 
impaired (Fig. 1A; Suppl. Fig. S1A). This decline in colony 
formation coincided with an elevated incidence of apoptosis, 
as the percentage of apoptotic cells was found to be higher 
in irradiated ESCs (~ 10.4%) compared to non-irradiated 
cells (~ 3.2%) (Fig. 1B). Furthermore, the irradiation treat-
ment induced alterations in the cell cycle, characterized by 
a 51.19% increase in the proportion of cells in the G2-M 
cell cycle phases and a decrease of 36.12% in the S phase 
(Fig. 1C). In addition to the diminished colony-forming 
potential, alkaline phosphatase (AP) staining revealed a 
reduction in the proportion of homogeneously stained, undif-
ferentiated colonies in irradiated ESCs (Fig. 1D–E). Col-
lectively, our findings underscore the detrimental effects 
of X-ray irradiation on ESC self-renewal, as evidenced by 
increased apoptosis, perturbations in the cell cycle, and com-
promised colony-forming ability.

Irradiation‑induced upregulation of Itch and Trim32 
promotes the differentiation of ESCs

The observed decrease in the percentage of undifferentiated 
colonies in irradiated ESCs serves as evidence that irradia-
tion treatment stimulates ESC differentiation (Fig. 1E). To 
investigate the effect of irradiation on ESC differentiation, 
we assessed the expression levels of established lineage 
markers. The transcript levels of the endoderm markers 
Gata4, Gata6, and Sox17, the mesoderm marker Brachyury 
(T), and the ectoderm markers Fgf5 and Nes were notably 
upregulated in ESCs following exposure to X-ray irradia-
tion at the specified dosages when compared to their cor-
responding control groups (Fig. 1F; Supple. Fig. S1B). 
These findings demonstrate that irradiation promotes ESC 
differentiation across all three lineages. Consistent with this, 
the expression of Rex1, a well-known marker gene for the 
undifferentiated state of ESCs, notably decreased in irra-
diated ESCs (Fig. 1G). However, qPCR analysis revealed 
minimal effects of irradiation on the transcript levels of core 
pluripotency genes Oct4, Sox2, Nanog, and Klf4 (Fig. 1G). 
Therefore, we examined the protein levels of OCT4, SOX2, 
and NANOG. In line with the induced expression of dif-
ferentiation marker genes in ESCs following X-ray irradia-
tion treatment (Fig. 1F), the protein levels of OCT4, SOX2, 
and NANOG significantly decreased in irradiated ESCs 
(Fig. 1H). Furthermore, irradiated E4.5 mouse embryos 
exhibited reduced OCT4 and NANOG positive cells (Fig. 1I; 
Supple. Fig. S1C, D). These findings indicate that irradiation 
promotes ESC differentiation by modulating the stability of 
key pluripotency proteins.

As an inhibitor of 26S proteasome, MG132 reduces the 
degradation of ubiquitin-conjugated proteins in ESCs [19]. 
The addition of MG132 reduced the degradation of OCT4, 

NANOG and SOX2 (Supple. Fig.  S1E), indicating the 
induced ubiquitination of key pluripotency proteins. WWP2, 
ITCH, and TRIM32 are E3 ubiquitin ligases known to facili-
tate the degradation of OCT4 protein [20]. To investigate 
whether irradiation promotes OCT4 degradation by modu-
lating the expression of Wwp2, Itch, and Trim32, we exam-
ined their expression levels in irradiated ESCs. Following 
irradiation, we observed upregulation of both transcript and 
protein levels of Itch and Trim32 genes (Supple. Figs. S1F, 
1J, K), which was further confirmed by immunostaining 
experiments (Supple. Fig. S1G, H). However, the transcript 
level of the Wwp2 gene did not exhibit significant changes 
(Supple. Fig. S1F). Deletion of the Oct4 gene induced the 
expression of Gata6, Sox17, FGF5, and Nes in ZHBTc4 
ESCs upon Doxycycline treatment (Fig. 1L) [21], suggest-
ing that irradiation-induced ESC differentiation may occur 
through downregulation of the OCT4 protein. However, the 
expression of the mesoderm marker gene T, which increased 
following irradiation treatment (Fig. 1F), was downregulated 
upon Oct4 gene knockout (Fig. 1L), indicating the involve-
ment of additional mechanisms by which irradiation treat-
ment induces ESC differentiation. In summary, irradiation 
exerts a promotional effect on the differentiation of embry-
onic stem cells through the modulation of E3 ubiquitin ligase 
activity, ultimately resulting in the degradation of pluripo-
tency proteins.

Irradiation promotes the differentiation of ESCs 
via upregulating the expression of Yap1

To elucidate the underlying mechanism by which irradiation 
regulates ESC differentiation, we performed RNA sequenc-
ing (RNA-seq) to examine global gene expression changes 
in irradiated ESCs. Our analysis revealed 2627 significantly 
downregulated genes and 2265 upregulated genes in irra-
diated ESCs compared to control ESCs (Fig. 2A; Supple-
mentary Table 1). Consistent with the observed induction 
of apoptosis following irradiation treatment (Fig. 1B), Gene 
Ontology (GO) analysis demonstrated enrichment of cell 
death among upregulated genes in irradiated ESCs (Fig. 2B 
upper panel). Upregulated genes were found to be associ-
ated with cell differentiation and cell proliferation (Fig. 2B, 
upper panel), indicative of an increased propensity for ESC 
differentiation and alterations in the cell cycle dynamics 
(Fig. 1C–F). Down-regulated genes were associated with 
apoptotic signaling pathway (Fig. 2B, lower panel). The 
expression of genes associated with the Hippo pathway 
in ESCs was observed to increase under irradiation treat-
ment (Fig. 2A), suggesting a crucial role of this pathway 
in promoting ESC differentiation under such conditions. 
Correspondingly, both mRNA and protein levels of Yap1, 
a transcriptional co-activator of the Hippo pathway [22], 
were significantly upregulated in irradiated ESCs (Fig. 2C; 
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Supple. Fig. S2A). This upregulation of Yap1 resulted in an 
enhanced binding of YAP1 to its target genes Ankrd, Axl, 
Ptx3, Cyr61, and Ctgf (Fig. 2D), thereby leading to their 

upregulation in irradiated ESCs. Previous studies have dem-
onstrated that overexpression of Yap1 in ESCs disrupts their 
self-renewal and triggers differentiation by upregulating the 
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expression of lineage-specific genes [22, 23]. Hence, we 
hypothesized that the regulation of Yap1 expression might 
be involved in the irradiation-induced changes in the dif-
ferentiation potential of ESCs. To test this hypothesis, we 
generated mouse ES cell lines with ectopic expression of 
either human or mouse Yap1. As expected, we observed 
an upregulation of the YAP1 target genes in these cells 
(Supple. Fig. S2B, C). Additionally, in line with a previous 
report [22], ectopic expression of both mouse and human 
Yap1 led to differentiation morphological changes in ESCs 
(Supple. Fig. S2D, E). The expression of core pluripotency 
regulators, such as Sox2, Nanog, Tbx3, Klf4, Klf5, and Klf2, 
significantly decreased in both human and mouse Yap1-
overexpressing ESCs (Supple. Fig. S2F, G), indicating that 
ectopic expression of Yap1 impairs self-renewal and pro-
motes ESC differentiation. Consistent with these findings, 
AP staining revealed a decrease in homogeneously stained, 
undifferentiated colonies in human YAP1-overexpressing 
ESCs (Supple. Fig. S2H). Furthermore, both human and 
mouse Yap1-overexpressing ESCs showed increased expres-
sion of established lineage marker genes (Fig. 2E; Supple. 
Fig. S2I). Interestingly, Yap1-overexpressing ESCs sub-
jected to irradiation treatment exhibited a further decrease in 
the protein level of pluripotency factors OCT4, SOX2, and 
NANOG compared to wild-type ESCs (Supple. Fig. S2J). 
Additionally, the expression of lineage marker genes Fgf5, 
Nes, T, Sox17, and Gata6 was significantly higher in irradi-
ated ESCs with human or mouse Yap1-overexpression than 
in wild-type ESCs and irradiated wild-type ESCs (Fig. 2F 
(human); Supple. Fig. S2K (mouse)). Collectively, these 
findings suggest that irradiation treatment upregulates Yap1 
expression, leading to impaired self-renewal and increased 
differentiation of ESCs.

To investigate the underlying molecular mechanisms of 
Yap1-mediated ESC differentiation, we analyzed YAP1 

chromatin immunoprecipitation sequencing (ChIP-seq) data 
and found that 41% of YAP binding occurred within the 
promoter regions of genes (Fig. 2G), indicating that Yap1 
primarily regulates gene expression by controlling their 
promoter activities. Further analysis revealed that YAP1 
binds to the promoter regions of lineage marker genes Fgf5, 
Gata6, T, and Nes in ESCs (Fig. 2H, I; Supple. Fig. S2L–M). 
ChIP-qPCR experiments revealed that irradiation treatment 
resulted in an increased YAP binding on the promoters of 
the lineage markers Fgf5, Nes, T, Mixl1, Sox17, and Gata6 
(Fig. 2J), suggesting that irradiation treatment may increase 
Yap1 expression and upregulate the expression of lineage 
marker genes through enhanced binding of YAP1 to their 
promoter regions.

Irradiation lifts the inhibition of BAF complex on Yap 
and its target genes in mESCs

The BAF complex factor ARID1A has been shown to bind 
to and inhibit the oncogenic transcriptional coactivators 
YAP and TAZ in cancer cells [24]. We speculated whether 
BAF complex inhibits the transcription of Yap1 in ESCs. 
Co-immunoprecipitation (Co-IP) analysis demonstrated the 
interaction of YAP1 with BAF complex components BRG1 
and DPF2 in mESCs (Fig. 3A). Deletion of Brg1, Dpf2, or 
Arid1a in ESCs resulted in increased expression of Yap1 and 
its target genes Ankrd, Ptx3, Cyr61, and Ctgf (Fig. 3B; Sup-
ple. Fig. S3A, B), indicating that the BAF complex inhib-
its the expression of Yap1 and its target genes in mESCs. 
We hypothesized that the BAF complex may prevent the 
binding of YAP1 to its target genes. To test this idea, we 
analyzed the ChIP-seq data of BRG1, DPF2, and YAP1 and 
identified 1,064 co-binding genomic locations (Fig. 3C, D), 
which included typical Yap1 target genes such as Cyr61 and 
CTGF (Fig. 3E). The binding of YAP1 to its target genes 
increased in Dpf2 and Brg1 knockout ESCs (Fig. 3F; Sup-
ple. Fig. S3C). Therefore, the BAF complex represses the 
expression of Yap1 target genes by preventing the binding 
of YAP1 to them.

Irradiation treatment upregulates the expression of Yap1 
and its target genes by increasing Yap1 expression (Fig. 2C, 
D), the molecular mechanism of which remains unknown. 
Considering the inhibitory role of the BAF complex in the 
binding of YAP1 to its targets and the regulation of their 
expression (Fig. 3F; Supple. Fig. S3C), we speculated that 
irradiation treatment may either decrease the expression of 
BAF complex components or alleviate the binding of the 
BAF complex to YAP1 target genes, thereby increasing the 
binding of YAP1 to its targets. Irradiation did not alter the 
expression of Brg1, Dpf2, and Arid1a at both mRNA and 
protein levels (Supple. Fig. S3D, E). Indeed, irradiation 
treatment reduced the binding of BRG1 to YAP1 and its 
target genes (Fig. 3G); concurrently, the binding of YAP1 

Fig. 1   Irradiation-induced impairment of ESC self-renewal and pro-
motion of ESC differentiation. A percentage of survived ESC colony 
formed upon 4  Gy x-ray irradiation treatment. Certain number of 
ESCs were irradiated with 4  Gy x-ray, and then plated for colony 
formation assay. B Percentage of ESCs at early and later apoptosis 
stages after irradiated with 4  Gy x-ray. C cell cycle assay of ESCs 
upon 4  Gy x-ray irradiation treatment. D AP staining of irradiated 
ESCs. The ESCs were irradiated with a dose of 4 Gy of x-rays before 
being plated for the single colony assay. E Percentage of undifferen-
tiated, partially differentiated and fully differentiated colony formed 
of ESCs upon irradiation with 4  Gy x-ray. F–G qPCR analysis of 
indicated lineage marker genes (F) and pluripotency genes (G) in 
ESCs upon irradiated with 8 Gy x-ray twice in 48 h. H Western blot 
analysis of indicated proteins in ESCs upon irradiated with 8  Gy 
x-ray twice in 48 h. I Immunostaining analysis of E4.5 embryos with 
OCT4 antibody following dual 2  Gy x-ray irradiation at E2.5 and 
E3.5. Scale bar: 50 µm. J–K Western blot analysis of ITCH (J) and 
TRIM32 (K) in ESCs upon irradiated with 8 Gy x-ray twice in 48 h. 
L qPCR analysis of indicated lineage marker genes in control (WT) 
and Oct4−/− ESCs

◂
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to those locations increased (Fig. 2D). In conclusion, irra-
diation upregulated the expression of YAP1 target genes by 
reducing the binding of the BAF complex and increasing the 
binding of YAP1 to these targets.

Multiple studies have indicated that BAF complexes play 
crucial roles in facilitating the efficacy of the DNA damage 
response [25]. The recruitment of ARID1A to DNA double-
strand breaks (DSBs) occurs through its interaction with the 
upstream DNA damage checkpoint kinase ATR [26]. We 
hypothesized that irradiation-induced DNA damage may 
recruit the BAF complex to DNA breaks from its binding 
sites associated with Yap1 and YAP1 target genes, thereby 
alleviating its inhibition on YAP1 binding. To investigate 
this, we employed a ChIP assay to examine whether BRG1 
was recruited in the vicinity of a site-specific I-SceI-induced 
DSB [26]. The DR-GFP construct, containing a cutting site 
for the I-SceI restriction enzyme, was stably integrated into 
ESCs (Supple. Fig. S3F). ChIP-qPCR analysis revealed 
enrichment of BRG1 following I-SceI transfection (Fig. 3H). 
Thus, irradiation-induced DNA damage may recruit BRG1 
away from its binding sites on Yap1 and its target genes, 
leading to increased binding of YAP1 and upregulation of 
Yap1 and its target genes. Additionally, compared to wild-
type ESCs, irradiation treatment of Yap1-overexpressing 
ESCs further enhanced the expression of Yap1 target genes 
(Fig. 3I), supporting the notion that IR treatment disrupts 
the binding of the BAF complex and increases the bind-
ing of YAP1 to Yap1 target genes. Furthermore, consist-
ent with these findings, irradiation treatment of Brg1, Dpf2, 
and Arid1a knockout ESCs resulted in further elevation of 
the expression of Yap1 target genes, including Ankrd, Ptx3, 
Cyr61, and Ctgf (Fig. 3J; Supple. Fig. S3G, H), providing 
further evidence that the deletion of BAF subunits enhances 
the accessibility of Yap1 to its targets. Therefore, we con-
clude that irradiation regulates the expression of Yap1 and 

its target genes by modulating the binding of the BAF com-
plex to these sites.

Irradiation promotes the differentiation ESC 
via activating Wnt signaling pathway

Furthermore, GO analysis of the upregulated genes showed 
enrichment for the Wnt signaling pathway (Fig. 2B). This 
observation was corroborated by qPCR analysis, which 
revealed elevated expression levels of Wnt3, Wnt3a, and 
several Wnt target genes, including Cdx1, Sp5, Msx2, Axin2, 
Cdh2, Lrp2, and Ctnb1, in irradiated ESCs (Fig. 4A, B). 
Consistently, the protein level of β-CATENIN was increased 
in irradiated ESCs (Fig. 4C). Collectively, these findings 
indicate that irradiation treatment enhances the activity of 
Wnt pathway in ESCs.

The knockdown of OCT4 in human ESCs has been shown 
to activate the β-catenin signaling pathway and facilitate 
ESC differentiation [27]. Conversely, inhibition of the Wnt 
signaling pathway prevents the activation of mesendoderm 
differentiation [28]. Based on these findings, we hypoth-
esized that increased Wnt signaling may promote ESC dif-
ferentiation under irradiation treatment. Indeed, we observed 
enhanced binding of β-CATENIN to typical lineage marker 
genes in irradiated ESCs (Supple. Fig. S4A). Furthermore, 
the addition of the Wnt signaling inhibitor IWP2 during irra-
diation treatment reduced the expression of lineage marker 
genes Nes, Fgf5, Mixl1, Gata6, and Sox17 (Fig. 4D), high-
lighting the crucial role of Wnt signaling in regulating ESC 
differentiation under irradiation treatment. Consistently, 
overexpression of Wnt3a further increased the expression 
of lineage markers such as Gata4, Gata6, Sox17, T, and Nes 
in ESCs upon irradiation treatment (Fig. 4E). Overexpres-
sion of Wnt3 increased the expression of Gata6 and Sox17, 
but not the mesoderm gene T and ectoderm gene Fgf5 under 
irradiation treatment conditions (Supple. Fig. S4B). The Wnt 
signaling pathway has previously been reported to maintain 
ESC self-renewal [29]. Overexpression of Wnt3a repressed 
the expression of endoderm marker genes Gata4, Gata6, 
and Sox17, as well as the mesoderm gene T, in ESCs with-
out irradiation treatment (Supple. Fig. S4C). This suggests 
that Wnt3a promotes endoderm differentiation of ESCs only 
after their differentiation has been initiated. To further inves-
tigate, we cultured doxycycline-inducible Wnt3a ESCs in 
non-LIF medium for 24 h to initiate differentiation and then 
induced Wnt3a overexpression upon the addition of doxycy-
cline for 48 h. qPCR analysis revealed that overexpression of 
Wnt3a increased the expression of endoderm marker genes 
Gata4 and Gata6, as well as the mesoderm marker genes T 
and Mixl1, in differentiating ESCs, while the expression of 
the neural ectoderm marker gene Nes and the ectoderm gene 
Fgf5 remained unchanged (Supple. Fig. S4D). Similarly, 
when inducing EB formation with doxycycline-inducible 

Fig. 2   Irradiation enhances ESC differentiation through upregula-
tion of Hippo signaling pathway. A Heat map depicts the changes in 
gene expression in mESCs irradiated with 8 Gy x-ray twice in 48 h. 
The color represents the Z score (row-wise) of the log2 FPKM val-
ues of the 4892 genes affected. B GO ontology analysis for biological 
processes associated with genes whose expression changed in ESCs 
upon irradiation treatment in A. C qPCR analysis of transcript lev-
els of Yap1 and its target genes in ESCs irradiated with 8 Gy twice 
in 48 h. D YAP1 levels at indicated target genes in ESCs following 
dual 8 Gy x-ray irradiation within 48 h determined by ChIP-qPCR. 
E qPCR analysis of transcript levels of lineage marker genes in ESCs 
and ESCs overexpressing human YAP1 gene (ov-hYAP1 ESCs). F 
qPCR analysis of transcript levels of lineage marker genes in ESCs 
with or without overexpressing human YAP1 gene following dual 
8  Gy x-ray irradiation within 48  h determined by ChIP-qPCR. G 
Binding distribution of YAP1 on the genome based on its ChIP-seq 
analysis. H–I Genome browser view of YAP1 and H3K4me3 at the 
Fgf5 (H) and Gata6 (I) loci in ESCs; (J) YAP1 levels at indicated tar-
get genes in ESCs following dual 8 Gy x-ray irradiation within 48 h 
determined by ChIP-qPCR

◂
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Fig. 3   Irradiation exerts control over Yap target genes by modulating 
the binding of the BAF complex to them. A Co-immunoprecipitation 
with BRG1 antibody revealed its interaction with DPF2 and YAP1. 
B qPCR analysis of Yap1 and its target genes in WT and Brg1−/− 
ESCs. C Venn diagram depicting the number of peaks that are bound 
by YAP1, BRG1 and DPF2 from their ChIP-seq analyses. D Heat 
map of the ChIP-seq signals of BRG1, DPF2 and YAP1 around their 
common binding sites. The color represents the log2 RPM values. 
E Genome browser view of YAP1, BRG1 and DPF2 at the Cyr61 
and CTGF loci in ESCs. F YAP1 levels at indicated target genes in 

WT and Brg1.−/− ESCs determined by ChIP-qPCR. G BRG1 levels 
at indicated target genes in ESCs following dual 8 Gy x-ray irradia-
tion within 48 h determined by ChIP-qPCR. H ESCs were transfected 
with I- Sce I plasmid. ChIP assay was conducted 5 and 8 h after I-Sce 
I transfection, and qPCR analyses were used to detect the enrichment 
of BRG1 relative to the IgG control. I qPCR analysis of YAP1 target 
genes in ESCs (Ctrl.), irradiated ESCs (Ctrl.IR), and irradiated ESC 
overexpressing Yap1 (ov-Yap1, IR). J qPCR analysis of Yap1 target 
genes in ESCs (Ctrl.), irradiated WT ESCs (Ctrl. IR) and Brg1 KO 
ESCs (Brg1 KO IR)
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Wnt3a ESCs in non-LIF medium for 24 h before induc-
ing Wnt3a overexpression for 48 h, qPCR analysis showed 
that overexpression of Wnt3a increased the expression of 
endoderm marker genes Gata4 and Gata6, as well as the 
mesoderm marker gene T, in 3-day EBs, while the expres-
sion of the neural ectoderm marker gene Nes decreased and 
the ectoderm gene Fgf5 did not change (Supple. Fig. S4E). 
Thus, we conclude that irradiation promotes ESC differen-
tiation by activating the Wnt signaling pathway.

The expression of Wnt3 and Wnt3a, as well as the tar-
get genes associated with the Wnt pathway, were found 
to be upregulated in ESCs following irradiation treatment 
(Fig. 4A, B). Furthermore, the deletion of Dpf2 or Brg1 in 
ESCs resulted in an increase in the expression of Wnt path-
way target genes (Fig. 4F; Supple. Fig. S4F). ChIP-qPCR 
analysis using an antibody against BRG1 demonstrated a 
decrease in the binding of BRG1 to Wnt target genes upon 
irradiation treatment (Fig. 4G). IR treatment of Dpf2 knock-
out ESCs resulted in further elevation of the expression 
of Wnt target genes, including Axin2, Cdh2, Msx2, Sp5, 
Ctnnb1, and Lrp2 (Fig. 4H), providing further evidence 
that the deletion of BAF subunits enhances the accessibility 
of β-CATENIN to its targets. These findings indicate that, 
similar to the regulation of Yap1 and its target genes, the 
BAF complex represses the expression of Wnt target genes.

Both the Yap and Wnt pathways play crucial roles in reg-
ulating ESC differentiation in response to irradiation treat-
ment (Figs. 2E, F, 4D, E). Following irradiation, there is an 
increase in the binding of YAP1 and β-CATENIN to typical 
lineage genes (Fig. 2J; Supple. Fig. S4A), while the binding 
of BRG1 decreases (Fig. 4I). Notably, the components of 
the BAF complex, BRG1, and DPF2, co-bind with YAP1 
and β-CATENIN at lineage marker genes such as Sox17, T, 
Fgf5, and Nes (Fig. 4J, K; Supple. Fig. S4G, H). Co-immu-
noprecipitation experiments using a BRG1 antibody further 
confirm its interaction with both YAP1 and β-CATENIN 
(Fig. 4L). Based on these collective findings, we can con-
clude that irradiation treatment effectively regulates ESC 
differentiation through several mechanisms. It enhances the 
binding of YAP1 and β-CATENIN to characteristic line-
age marker genes, leading to an increase in their expression. 
Additionally, irradiation treatment releases the inhibition of 
the BAF complex, further contributing to the upregulation 
of gene expression.

Irradiation promotes the differentiation of ESCs 
via activating TGF‑β signaling pathway

The expression of genes associated with the TGF-β pathway 
in ESCs was observed to increase under irradiation treat-
ment (Fig. 2B), suggesting a crucial role of this pathway 
in promoting ESC differentiation under such conditions. 
Correspondingly, the transcript levels of TGF-β pathway 

associated genes Tgfb2, Tgfb3, Inhba and Nodal were sig-
nificantly upregulated in irradiated ESCs (Fig. 4M). Irra-
diation promoted the expression of typical marker genes 
of all three lineages Gata4, Sox17, T, Nes and Fgf5, which 
was restored upon the addition of SB431542, the inhibi-
tor of TGF-β pathway (Fig. 4N), suggesting that irradia-
tion promotes the differentiation of ESCs via activating 
TGF-β signaling pathway. Consistently, ChIP-seq analysis 
demonstrates the co-localization of SMAD2 with YAP1, 
β-CATENIN, BRG1 and DPF2 to lineage marker genes of 
three germ layers T, Fgf5, Sox17 and Nes (Fig. 4J–K; Sup-
ple. Fig. S4G, H). Co-IP experiments shown the interaction 
of SMAD2 with BRG1, YAP1 and β-CATENIN, suggesting 
the coordination of TGF-β, Hippo and Wnt pathways on 
the regulation of ESC differentiation. In line with this, the 
inhibition of TGF-β with SB431542 led to the restoration 
of irradiation-induced β-CATENIN enrichments at Sox17, 
Gata6, T, Fgf5, and Nes (Supple. Fig. S4I). Moreover, the 
elimination of Brg1 resulted in an increase in the expression 
of Tgfb2, Tgfb3, and Inhba (Supple. Fig. S4J), indicating the 
suppressive role of the BAF complex in the TGF-β signal-
ing pathway in ESCs. Consistently, the upregulated expres-
sion of genes related to the TGF-β pathway such as Tgfb2, 
Tgfb3, Inhba and Nodal was observed in irradiated ESCs 
(Fig. 4M), accompanied by a significant reduction in the 
binding of BRG1 to these genes (Supple. Fig. S4K). Overall, 
irradiation-induced the alleviation of BAF inhibition on the 
TGF-β, Hippo, and Wnt signaling pathways, leading to their 
increased activity. The complex composed of the effector 
proteins from these three pathways collaboratively regulates 
the expression of characteristic lineage-specific genes.

Irradiation‑induced expression of p53, and p63/
p73 drives meso‑ and endo‑dermal differentiation 
of ESCs, respectively

Upon DNA damage, p53, p63 and p73 induce apoptosis and 
alter the distribution of the cell cycle, leading to a delay in 
cell growth [30]. In ESCs, irradiation upregulates both the 
transcript and protein levels of p53, p63, and p73 (Fig. 5A; 
Supple. Fig. S5A), which in turn may induce apoptosis and 
perturb the cell cycle (Figs. 1B, C, 2B). Previous studies 
have identified the Wnt signaling pathway as a target of 
p53 in mouse ESCs [28, 31]. Furthermore, Wnt-mediated 
Yap/β-Catenin transcription of Oct4 in ESCs is suppressed 
by the core hippo scaffold RASSF1A, itself a target of ATM 
in response to ionizing radiation [32], and switch YAP to 
support p73 mediated differentiation [23]. Based on this 
knowledge, we hypothesized that the upregulation of p53, 
p63, and p73 upon irradiation treatment might similarly 
switch Wnt signaling pathway away from pluripotency 
genes and towards differentiation, which was supported by 
the increased binding of β-CATENIN at lineage marker genes 
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upon the IR treatment (Supple. Fig. S4A). Supporting this 
notion, overexpression of p53, p63, and p73 increased the 
transcript levels of Wnt3 and Wnt3a and the protein level 
of β-CATENIN (Fig. 5B; Supple. Fig. S5B). Irradiation 

treatment also elevated the expression of Itch and Trim32, 
leading to increased degradation of OCT4 protein in ESCs 
(Fig. 1H, J, K; Supple. Fig. S1E). Overexpression of p53, 
p63, and p73 further upregulated the expression of Itch, 
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Trim32, and Wwp2, and the protein level of ITCH (Fig. 5C; 
Supple. Fig. S5B). Additionally, the expression of Yap1 and 
Ctgf, the Tgfb2, Tgfb3, Inbha and Nodal increased in ESCs 
with overexpressed p53, p63, and p73 (Supple. Fig. S5C-D). 
Intriguingly, concurrent overexpression of p53, p63, and p73 
resulted in elevated expression levels of endoderm marker 
genes Gata4, Gata6, and Sox17, as well as mesoderm gene 
T and ectoderm genes Nes and Fgf5 (Fig. 5D). This obser-
vation led us to speculate that irradiation treatment might 
induce ESC differentiation by modulating the expression of 
Wnt3/3a, Yap1, Trim32, and Itch through the control of p53, 
p63, and p73 expression. To investigate this, we generated 
p63/p73 double knockout ESCs using CRISPR/Cas9 tech-
nology. Western blot assays confirmed the successful dele-
tion of p63 and p73 in ESCs (Supple. Fig. S5E). Deletion of 
p63 and p73 restored the upregulated expression of Wnt3, 
Wnt3a, Itch, Trim32, Yap, Ctgf, and Cyr61 in irradiated ESCs 
(Supple. Fig. S5F-H). Furthermore, the upregulation of endo-
dermal markers Gata6, Gata4, and Sox17 upon irradiation 
treatment was restored in p63/p73 double knockout ESCs 
(Supple. Fig. S5I). However, deletion of p63 and p73 led to 
further increased expression of mesodermal gene T, as well 
as ectodermal marker genes Fgf5 and Nes upon irradiation 
treatment (Supple. Fig. S5I), potentially attributed to p53 
expression. Consequently, it can be inferred that p63 and p73 
promote endodermal differentiation while repressing meso-
dermal and ectodermal differentiation in irradiated ESCs.

To assess the role of p53 in irradiation-induced ESC 
differentiation, we employed a p53 inhibitor, Pifithrin-α 
(PFT-α), and confirmed its inhibitory effect by observing 

the repression of p53 target genes, including p53, Wnt3, and 
Wnt3a, which were upregulated in ESCs with exogenous p53 
overexpression (Supple. Fig. S5J). Consistently, the inhi-
bition of p53 restored the IR-induced expression of Wnt3, 
Wnt3a, and YAP1 target genes Ctgf and Cyr61 (Supple. 
Fig. S5K, L). Therefore, inhibition of either p53 or p63/p73 
genes represses the expression of Wnt3, Wnt3a, and YAP1 
target genes (Supple. Figs. S5F, H, K, L). The inhibition of 
p53 with PFT-α restored the upregulated expression of mes-
odermal markers, including T, and ectodermal markers, such 
as Nes and Fgf5, in ESCs following irradiation treatment 
(Fig. 5E). However, the inhibition of p53 further enhanced 
the upregulated expression of endodermal genes Gata6 and 
Gata4 in irradiated ESCs (Fig. 5E). Thus, distinct from p63 
and p73, p53 represses endodermal differentiation while pro-
moting mesodermal and ectodermal differentiation in irradi-
ated ESCs (Supple. Figs. S5I; Fig. 5E). Irradiating ESCs, 
either alone or in the presence of the p53 inhibitor PFT-α, 
did not affect the mRNA levels of Nanog in ESCs (Fig. 5F, 
left). However, inhibition of p53 further reduced the already 
downregulated protein levels of NANOG in irradiated ESCs 
(Fig. 5F, right). Consistently, the upregulated expression of 
Itch and Trim32 observed upon irradiation treatment was 
further increased by the inhibition of p53 (Fig. 5G). Consid-
ering the repressive role of Nanog on endoderm differentia-
tion [33], the inhibition of p53 further enhanced the upregu-
lated expression of endodermal genes in irradiated ESCs 
by promoting the expression of Itch and Trim32, thereby 
impairing the stability of the NANOG protein.

Furthermore, we examined the effect of simultaneous 
inhibition of p53, p63, and p73 by supplementing PFT-a 
to p63/p73 double knockout ESCs. This inhibition restored 
the upregulated expression of Wnt3, Wnt3a, Itch, Trim32, 
Yap1, Ctgf, Cyr61, Tgfb2, and Nodal in irradiated ESCs 
(Fig. 5H–K). The deletion of p63 and p73 in ESCs supple-
mented with PFT-a also restored the upregulation of endo-
dermal markers Gata6, Gata4, and Sox17, along with the 
mesodermal marker T, in irradiated ESCs (Fig. 5L). This 
demonstrates that p53 collaboratively regulates mesoen-
dodermal differentiation in irradiated ESCs alongside p63 
and p73. Moreover, the inhibition of p53, p63, and p73 in 
ESCs further increased the expression of ectodermal marker 
genes Fgf5 and Nes upon irradiation treatment (Fig. 5L), in 
consistent to the elevated contribution to ectopic neural pro-
trusions observed in p53/p63/p73 triple KO chimeras [28]. 
The inability to restore the expression of ectodermal mark-
ers in irradiated p63/p73 double knockout ESCs with a p53 
inhibitor may be attributed to the opposing regulatory effects 
of p53 and p63/p73 on ectodermal differentiation, with a 
stronger influence exerted by p63/p73 in this opposing regu-
lation (Fig. 5L). Thus, investigating the detailed mechanisms 
by which p53 and p63/p73 regulate ectodermal differentia-
tion in ESCs warrants further exploration in future studies.

Fig. 4   Irradiation treatment induces increased activity of Wnt and 
TGF-β signaling pathways in ESCs. A qPCR analysis of the expres-
sion levels of Wnt3 and Wnt3a transcripts in ESCs (Ctrl.), and ESCs 
following irradiation with 8 Gy x-ray once in 24 h and twice in 48 h 
(IR). B qPCR analysis of indicated Wnt target genes in ESCs irradi-
ated with 8 Gy x-ray twice in 48 h. C Western blot revealed the pro-
tein levels of β-CATENIN in ESCs (Ctrl.) and irradiated ESCs (IR). 
D qPCR analysis of the typical lineage genes in ESCs (Ctrl.), irradi-
ated ESCs (IR), and irradiated ESCs with the addition 10  μg/ml of 
IWP2 (IR + IWP2). E qPCR analysis of transcript levels of the typical 
lineage genes in WT ESCs (Ctrl.), irradiated WT ESCs (IR), and irra-
diated ESCs overexpressing Wnt3a (IR, ov-Wnt3a). F qPCR analy-
sis of transcript levels of Wnt target genes in WT (Ctrl.) and Dpf2 
KO ESCs. G BRG1 levels at indicated Wnt target genes in WT (Ctrl.) 
and irradiated ESCs (IR) determined by ChIP-qPCR. H qPCR analy-
sis of transcript levels of Wnt target genes in WT (Ctrl.), irradiated 
WT (IR) and irradiated Dpf2 KO ESCs (Dpf2.−/− IR). I BRG1 lev-
els at indicated lineage specific genes in irradiated ESCs determined 
by ChIP-qPCR. J–K Genome browser view of YAP1, β-CATENIN, 
BRG1 and DPF2 at the T (J) and Fgf5 (K) loci in ESCs. L Co-
immunoprecipitation with BRG1 antibody revealed its interaction 
with β-CATENIN and YAP1. M qPCR analysis of transcript levels 
of Tgfb2, Tgfb3, Inhba and Nodal genes in WT (Ctrl.), and WT ESCs 
irradiated with x-ray treatment (IR). N qPCR analysis of transcript 
levels of lineage marker genes in WT (Ctrl.), irradiated WT ESCs 
(IR), and irradiated WT ESCs in the presence of the TGF-β receptor 
inhibitor SB431542 at a concentration of 10 μM (IR + SB431542)
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P53, P63 and P73 coordinately regulate irradiation 
induced ESC differentiation with Hippo, Wnt 
and TGF‑β signaling pathways

Previous report indicates that p53 and YAP can physically 
interact in vivo with Smad2, and cooperatively regulates the 
transcription of TGF-β target genes in Xenopus embryos 
and human cells [34, 35]. Irradiation induced the significant 
up-regulation of Wnt3, Wnt3a, p73, Tgfb2, Inhba and Nodal 
in ESCs in as early as 3 h (Supple. Fig. S5M), suggesting a 
mechanism by which p53 family proteins, Wnt and TGF-β 
pathway effector proteins may form a complex to regulate 
target gene expression and ESC differentiation upon irradia-
tion treatment. To investigate the interaction of P53, P63 
and P73 with effector proteins of Hippo, Wnt and TGF-β 
signaling pathways, we generated ESCs with Flag-tagged 
p53, p63 and p73 overexpressing ESCs. Co-IP with FLAG 
antibody demonstrated the interaction between P73 or P63 
protein with β-CATENIN, YAP and SMAD2 (Fig. 5M; Sup-
ple. Fig. S5N). P53 interacts with YAP and SMAD2, but 
not β-CATENIN (Fig. 5N). In consistent, ChIP-seq analy-
sis revealed the co-localization of P53, YAP1, SMAD2 and 
β-CATENIN at Nodal, Win3a and Trim32 loci (Fig. 5O; 
Supple. Fig. S5O-P). ChIP-qPCR with FLAG antibody 
revealed the enrichment of FLAG-p53 at Gata4, Gata6, 
T, Nes and Fgf5 genes in p53 overexpressing or irradiated 
ESCs (Fig. 5P; Supple. Fig. S5Q), indicating the direct-
ing regulation of p53 on lineage marker gene expression. 
In conclusion, exposure to ionizing radiation upregulates 

the expression of p53 family proteins, leading to enhanced 
activation of the Hippo, Wnt, and TGF-β signaling path-
ways. Consequently, these proteins may interact in a com-
plex manner to cohesively regulate irradiation-induced ESC 
differentiation.

Discussion

ESCs own the capacity to self-renew indefinitely in vitro 
and to differentiate into every cell type of the body. Sev-
eral studies have revealed the seemingly inconsistent results 
of irradiation on ESC maintenance and differentiation [2, 
12–14, 16, 17]. Some reports indicated that irradiation did 
not change the expression of key pluripotency genes in ESCs 
and early embryos, and the survived ESCs after irradiation 
still retained the capacity to form all three embryonic germ 
layers [13–15]. But others revealed the impaired differentia-
tion of ESCs to cardiomyocytes and neurons et al. [2, 12, 
16, 17]. So far, the detailed mechanism by which irradia-
tion affect the maintenance and differentiation is rare. This 
study establishes the irradiation-induced p53 family gene 
expression activates the Wnt, TGF-β and Hippo signaling 
pathways, and form a complex with the effect proteins of 
these pathways to collaboratively regulate the differentia-
tion of ESCs. Notably, this study demonstrates that irradia-
tion induced the relieves the inhibitory effect of the BAF 
complex on the activity of these pathways, further promotes 
the differentiation of ESCs. This study reveals that irradia-
tion affects the maintenance and differentiation by a network 
comprising p53 family genes and key signaling pathways 
in ESCs.

Irradiation on pluripotency genes

The influence of irradiation on the expression of criti-
cal pluripotency genes has been previously documented 
[13]. Notably, the microarray analysis of ionizing irradi-
ated hESCs in the study by Wilson et al. [13] revealed no 
significant alterations in the expression of OCT4, SOX2, 
and NANOG. Furthermore, transcript levels of Oct4 and 
Nanog in blastocysts subjected to low-dose X-ray irradia-
tion remained relatively stable compared to non-irradiated 
embryos [15]. Similarly, the mRNA levels of Oct4, Sox2, 
and Nanog did not exhibit overt changes in irradiated ESCs 
exposed to 8 Gy doses (Fig. 1G). However, it is noteworthy 
that the protein levels of OCT4, SOX2, and NANOG expe-
rienced significant reductions in both irradiated mouse ESCs 
and early embryos (Fig. 1H, I; Supple. Fig. S1D–F).

Previous research has shown that p53 binds to the Nanog 
promoter and suppresses its expression following DNA dam-
age [36]. In our study, the expression of p53, p63, and p73 
was observed to be upregulated in irradiated ESCs (Fig. 5A; 

Fig. 5   Coordinated regulation of irradiation-induced ESC differen-
tiation by P53, P63, and P73 in conjunction with Hippo, Wnt, and 
TGF-β signaling pathways. A qPCR analysis of transcript levels of 
p53, p63 and p73 in ESCs (Ctrl.), and ESCs irradiated with 8  Gy 
x-ray twice in 48 h (IR). B–D qPCR analysis of transcript levels of 
Wnt3 and Wnt3a (B), Itch, Trim32 and Wwp2 (C), and typical line-
age marker genes (D) in ESCs (Ctrl.), and ESCs overexpressing p53, 
p63 and p73 (ov-p53/p63/p73). E qPCR analysis of transcript levels 
of lineage marker genes in ESCs (Ctrl.), irradiated ESCs (IR), and 
irradiated ESCs in the addition of 30 µM of p53 inhibitor PFT-a (IR, 
PFT-a). F qPCR analysis of transcript and protein levels of Nanog 
gene in ESCs (Ctrl.), irradiated ESCs (IR), and irradiated ESCs in 
the addition of 30 uM of p53 inhibitor PFT-a (IR, PFT-a). G qPCR 
analysis of transcript levels of Itch and Trim32 in ESCs (Ctrl.), irradi-
ated ESCs (IR), and irradiated ESCs in the addition of 30 uM of p53 
inhibitor PFT-a (IR, PFT-a). (H–K) qPCR analysis of transcript levels 
of Wnt3 and Wnt3a (H), Itch and Trim32 (I), Yap1, Ctgf and Cyr61 
(J), TGF-β related genes (K). L qPCR analysis of transcript levels of 
typical lineage marker genes in ESCs (Ctrl.), irradiated ESCs (IR), 
and irradiated p63/p73 dKO ESCs supplemented with 30 uM of p53 
inhibitor PFT-a (p63/p73 dKO, PFT-a). M Co-immunoprecipitation 
with FLAG antibody revealed the interaction of FLAG-p73 with 
β-CATENIN, YAP1 and SMAD2. N Co-immunoprecipitation with 
FLAG antibody revealed the interaction of FLAG-p53 with YAP1 
and SMAD2. O Genome browser view of P53, SMAD2/3, YAP1, 
and β-CATENIN at the Nodal loci in ESCs. P ChIP-qPCR analysis of 
FLAG-p53 binding at lineage-specific genes in ESCs overexpressing 
FLAG-p53 for 48 h

◂
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Supple. Fig. S5A). Intriguingly, despite these observed 
changes in p53 family proteins, we did not detect significant 
alterations in the mRNA levels of Oct4, Sox2, and Nanog in 
irradiated ESCs (Fig. 1G).

Furthermore, E3 ubiquitin ligases such as WWP2, ITCH, 
and TRIM32 are known to mediate the degradation of OCT4 
protein [20]. In our investigation, both the mRNA and pro-
tein levels of Itch and Trim32 displayed upregulation in irra-
diated ESCs (Supple. Fig. S1H, J), which could account for 
the reduction in OCT4 protein levels. The precise mecha-
nism responsible for the degradation of NANOG and SOX2 
proteins, however, remains unclear. It is worth noting that 
Trim genes have been shown to regulate the expression of 
core pluripotency genes in previous studies [37]. Addition-
ally, Mahlokozera et al. [38] reported that TRIM26 competes 
with WWP2 to stabilize SOX2 protein in glioblastoma stem 
cells. Interestingly, exposure to ionizing radiation disrupted 
the expression patterns of multiple Trim genes (Supplemen-
tary Table 3). Exploring the systematic role of Trim genes 
in influencing the stability of major pluripotency proteins 
presents an intriguing avenue for further investigation.

The shift of BAF complex from its repression 
on Wnt and Hippo pathway to participation 
in the irradiation indued DNA damage repair

BAF complexes play crucial roles in facilitating the DNA 
damage repair [25, 39]. The recruitment of ARID1A to 
DNA double-strand breaks (DSBs) occurs through its inter-
action with the upstream DNA damage checkpoint kinase 
ATR [26]. The phosphorylation of BRG1 is essential for 
DNA damage repair, as mutation of serine 721 of BRG1 
results in defective double-stranded break repair [40]. In this 
study, we revealed the recruitment of BRG1 to a cutting site 
with an in vitro system in ESCs (Fig. 3H) [26]. Further, we 
revealed that irradiation resulted in the decreased enrichment 
of BRG1 on Yap1 and its target genes, and Wnt target genes 
(Figs. 3G, 4G), while the binding of YAP1 on the target 
genes increased (Fig. 2D). We further revealed that IR treat-
ment of Dpf2 knockout ESCs resulted in further elevation 
of the expression of Wnt target genes (Fig. 4H). BAF com-
plex plays an essential role on the differentiation of ESCs 
[41]. Co-IP and ChIP-seq analysis indicate that a complex 
comprising of BAF complex, YAP1 and β-CATENIN bind 
to the typical lineage marker gene loci (Fig. 4J, K; Supple. 
Fig. S4G–H). Following irradiation, BRG1 is released from 
lineage-specific marker genes (Fig. 4I), leading to increased 
enrichment of YAP1 and β-CATENIN on lineage marker 
genes (Fig. 2J; Supple. Fig. S4A), consequently promot-
ing the expression of all three typical lineage marker genes 
(Fig. 1F). Therefore, BAF complex may participate in the 
regulation of irradiation-induced ESC differentiation in two 
ways. Frist, irradiation resulted in the released repression of 

BAF complex on both YAP1 and Wnt pathways, therefore 
promotes ESC differentiation by increasing their activi-
ties. Second, irradiation induced removal of BAF complex 
on lineage marker genes leads to the access of YAP1 and 
β-CATENIN, thereby further promotes the expression of 
lineage marker genes. Consistently, knockdown of Brg1 
leads to the increased expression of lineage-specific marker 
genes in both mouse and human ESCs [42, 43]. Brg1 facili-
tates PcG function at classical PcG targets, reinforcing their 
repression in ESCs [44]. The inactivation of PcG complex 
results in the upregulation of lineage specific-marker genes 
[19, 45]. Therefore, it is possible that irradiation induced 
removal of BAF complex at the differentiation lineage 
marker genes reduces the binding of PcG complex, there-
fore increases the access of β-CATENIN and YAP1 and the 
promotes the differentiation of ESCs. It will be of interest 
to discern how these chromatin remodeling complex, PcG 
complex and other histone modifiers collaboratively with 
key signaling pathways to regulate the transition from pluri-
potency to the initiation of differentiation of ESCs under 
normal and irradiated conditions.

Integration of p53 family genes with Yap1, Wnt 
and TGF‑β pathways

Wnt signaling activated by p53 family cooperate with Nodal 
signaling and drives mesendoderm differentiation of ESCs 
[28]. In consistent, we revealed that IR-induced p53 family 
gene expression increased the expression of Wnt3, Wnt3a, 
Tgfb2 and Nodal genes, which was restored upon the deletion 
of p53, p63 and p73 (Fig. 5H, K). The inhibition of either 
Wnt or TGF-β pathway with the respective inhibitor restored 
the promoted mesendoderm differentiation upon irradiation 
treatment (Fig. 4D, N). The function of Yap1 on the differ-
entiation of ESCs was controversial [46]. Lian et al. reported 
that ectopic expression of YAP1 prevents ES cell differentia-
tion in vitro and maintains stem cell phenotypes even under 
differentiation conditions [46]. In contrast, Chung et al. 
shown that overexpression of Yap1 in ES cells promotes 
nuclear translocation of YAP1, resulting in disruption of 
self-renewal and triggering differentiation by up-regulating 
lineage-specific genes [22]. RASSF1A is a direct target of 
ATM and ATR upon DNA damage [32, 35]. The activation 
of Yap is governed by the Hippo pathway kinases MST1/2 
which require scaffolding by RASSF1A. RASSF1A-medi-
ated Hippo activation drives pYAP away from TEAD and 
towards p73, switching YAP from pluripotency to differen-
tiation [23]. It would of interest to study the mechanism by 
which RASSF1A collaborates with p53 family proteins and 
key signaling pathway effectors to regulate the self-renewal 
and differentiation of ESCs upon irradiation.

In this study, overexpression of either human or mouse 
Yap1 downregulated the expression of pluripotency genes 
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and initiated the differentiation of ESCs (Fig. 2E, F; Sup-
ple. Fig. S2F, G, I). Further, irradiation of ESCs with Yap1 
overexpression further increased the typical lineage genes 
(Fig. 2F; Supple. Fig. S2K). Therefore, consistent to Chung 
et al. [22], overexpression of Yap1 impairs the maintenance 
of ESCs and promotes their differentiation. Similar to Wnt 
and TGF-β pathways, ectopic expression of p53 family 
genes increased the expression of Yap1 and its target genes 
(Fig. 5B; Supple. Fig. S5C, D). Irradiation induced Yap1 
and its target genes were restored upon the inhibition of p53 
family genes (Fig. 5J). So, irradiation induced the expression 
of p53 family genes, thereby increased the activity of Wnt, 
Yap and TGF-β pathways, therefore promote the differentia-
tion of ESCs.

Wnt activated β-catenin and Nodal activated Smad2/3 
are mutually dependent for binding to and activation of key 
mesendoderm identity genes [28], which was extended in 
this study by ChIP-seq analysis and Co-IP experiments that 
a complex comprising of β-CATENIN, YAP1 and SMAD2 
proteins collaboratively regulate the expression of typi-
cal marker genes of three germ layers (Fig. 4J, K; Supple. 
Fig. S4G, H). In this study, Wnt3 and Wnt3a, and TGF-β 
related genes were significantly upregulated as early as 3 h 
upon irradiation treatment (Supple. Fig. S5M). Wang et al. 
did not observer the interaction of p53 family members 
with Smad 2,3 or 4 in both ESCs and EBs, therefor they 
concluded that p53 acts as a determinant of nodal action in 
ESCs without physically contacting Smad target loci [28]. 
In contrast, Co-IP experiments in this study demonstrated 
that P53 family proteins interact with YAP1, β-CATENIN 
and SMAD2 (Fig. 5M, N; Supple. Fig. S5N), which might 
be due to the generation of FLAG-tagged p53 ESCs and the 
employment of FLAG antibody for Co-IP experiments. But 
The inhibition of p53 family genes restored the irradiation-
induced expression of Wnt and TGF-β genes (Fig. 5H, K), 
supporting their expression induced by irradiation is p53 
family genes dependent. Therefore, this study for the time 
reveals that p53 family proteins form a complex with effect 
proteins of key signaling pathway in ESCs and thereby regu-
late their differentiation. It would be of interest to study their 
coordination in mouse embryo development in vivo.

P53/p63/p73 family proteins redundantly enable mes-
endodermal differentiation of ESCs [28]. Consistently, 
the inhibition of p53 family genes restored the elevated 
expression of mesendoderm marker genes (Fig.  5L). 
But the deletion of p63/p73 only restored the irradiation 
induced expression of endoderm specific genes (Supple. 
Fig. S5I). Notably, the inhibition of p53 restored the irra-
diation induced expression of mesoderm gene T (Fig. 5E). 
A previous study shown the depletion of p53 inhibits mes-
oderm differentiation during Xenopus embryonic develop-
ment [34]. In mouse ESCs, knockdown or knockout of p53 
leads to a strong inhibition of the mesodermal master gene 

T [47]. Inhibition of p53 using the p53 inhibitor pifithrin-α 
or knockdown of p53 expression via p53 RNAi leads to 
a reduction in Nanog expression and impairs the self-
renewal capacity of mouse embryonic stem cells (ESCs) 
under non-stressful conditions [48, 49]. Wdr5 rescue after 
its prolonged inhibition targets WDR5 to mesoderm lin-
eage-specifying genes, stimulating differentiation toward 
mesoderm fates in a p53-dependent fashion [50]. It would 
be interesting to dissect the mechanism by which p63/p73 
and p53 specifically regulate mesoderm and endoderm dif-
ferentiation of ESCs, respectively.
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