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Specialized surveillance mechanisms are essential to maintain the genetic integrity of germ cells, which are not only the source of
all somatic cells but also of the germ cells of the next generation. DNA damage and chromosomal aberrations are, therefore, not
only detrimental for the individual but affect the entire species. In oocytes, the surveillance of the structural integrity of the DNA is
maintained by the p53 family member TAp63α. The TAp63α protein is highly expressed in a closed and inactive state and gets
activated to the open conformation upon the detection of DNA damage, in particular DNA double-strand breaks. To understand the
cellular response to DNA damage that leads to the TAp63α triggered oocyte death we have investigated the RNA transcriptome of
oocytes following irradiation at different time points. The analysis shows enhanced expression of pro-apoptotic and typical p53
target genes such as CDKn1a or Mdm2, concomitant with the activation of TAp63α. While DNA repair genes are not upregulated,
inflammation-related genes become transcribed when apoptosis is initiated by activation of STAT transcription factors.
Furthermore, comparison with the transcriptional profile of the ΔNp63α isoform from other studies shows only a minimal overlap,
suggesting distinct regulatory programs of different p63 isoforms.
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INTRODUCTION
The production of both female and male gametes is subject to
tight quality control measures. Interestingly, the quality control
mechanisms differ in both sexes [1–4]. p63 is the most important
member of the p53 family involved in the surveillance of genetic
quality in oocytes [5–8]. This function of p63 is most likely the
original one of the entire family, while other functions such as
tumor suppression have developed later [5]. This notion is
supported by the observation that organisms like C. elegans
express a p53-like protein in their germ cells [9, 10] that based on
its domain structure is more p63-like than p53-like [11]. In mice,
oocytes enter dictyate arrest between P2 and P5. During this
dictyate arrest phase the longest p63 isoform, TAp63α, is highly
expressed and retains its expression level until oocytes are
recruited for ovulation [7].
We showed that during dictyate arrest TAp63α is kept in an

inactive and only dimeric conformation [12]. Detection of DNA
double-strand breaks results in the activation of the kinase ATM
which further activates the kinase CHK2. CHK2 phosphorylates
TAp63α on S582 [13] located in a loop between the SAM domain
and the transactivation inhibitory domain [14, 15]. While this
phosphorylation has no influence on the conformational state of

TAp63α, it recruits another kinase, CK1 [16], which typically
requires pre-phosphorylated substrates [17, 18]. We could show
that CK1 adds four more phosphate groups in a sequential
manner. Of these, the third one is the decisive phosphorylation
event that results in the opening of the closed dimer into an open
and tetrameric state [16]. Since this transition is irreversible [19],
this third phosphorylation event constitutes “the point of no
return”. This decisive third phosphorylation is the slowest, which
enables the oocyte to set the level of DNA damage that triggers
apoptosis [20]. While these investigations provide a detailed
molecular picture of the switch that decides between life and
death of the damaged oocytes, we know less about the processes
taking place at the cellular level except that activation of TAp63α
results in the expression of PUMA and NOXA [21]. As oocyte death
is triggered also by DNA damaging chemotherapeutics leading to
premature ovarian insufficiency (POI) in female cancer patients,
understanding how the oocyte decides between initiating
apoptosis and DNA repair is crucial for the development of a
future oocyte preserving therapy. As a further step in this
direction, we have investigated the development of the oocyte
transcriptome in a time-dependent manner and correlated it with
the activation kinetics of TAp63α.
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RESULTS
Kinetics of activation
Recently, we had determined the kinetics of activation of TAp63α
as well as the kinetics of apoptosis in mouse ovary culture by
measuring the appearance of the signal of cleaved PARP and the
decline of the volume of all primordial cells following the
irradiation of ovaries with 0.5 Gy [20]. These investigations have
shown that after 2.5 h virtually all of TAp63α has been converted
to the full tetrameric state [20]. A strong cleaved PARP signal and a
decrease of pro-caspase 9 can be detected at 6 h after irradiation
(ref. [20], Fig. 1 and Supplementary Fig. 1). Consistently, as
previously shown, the total volume of primary oocytes as
measured by GCNA-positive cells in the ovary using immuno-
fluorescence showed a strong decrease at 6 h [20]. Together these
data suggest that apoptosis is fully initiated at the 6 h time point.
We, therefore, decided to characterize the initial phase of the
cellular response in which the decision about death or survival of
the oocytes is taken.

Major changes in gene expression occur after 2.5 h following
γ-irradiation
To investigate the dynamics of gene expression changes following
γ-irradiation, we performed transcriptome analysis by RNA-seq.
After ovaries of P5 mice were γ-irradiated with 0.5 Gy, oocytes
were isolated following standard protocols, to ensure that mRNAs
originated only from oocytes. We prepared samples for time
points of 1, 2.5, 4, and 6 h after γ-irradiation as well as before γ-
irradiation (0 h) for comparison. For all samples between ~70 and
~80% of all reads could be mapped to the reference transcriptome
of the mouse (Ensembl version 92) [22] leading to relative
expression profiles represented by pseudo counts based on the
mapper Salmon (Supplementary Table 1).
A pairwise Pearson correlation between the samples was

calculated to analyze the differences within the replicates
(measured for the 0, 1, and 4 h time points) and between the
time points (Supplementary Table 2). Overall a strong correlation
(>0.82) for all pairwise comparisons was observed. For one control
replicate a 35% lower sequencing depth was observed, but the
profile still correlated strongly with that of the second 0 h replicate
and all other time points (0.82–0.94). Differential expression
analysis of all samples (1, 2.5, 4, and 6 h after γ-irradiation), in
comparison to the control (0 h; Supplementary Table 3, Supple-
mentary Table 4), revealed 167 differentially expressed protein-
coding genes (DEGs, Variance calculation per gene in DESeq2 over
all samples; Supplementary Table 5). To further analyze the
expression behavior of these DEGs we grouped them into clusters
according to their expression at specific time points (Fig. 2A). Eight
clusters (Fig. 2A; Cl1–8) were selected representing 90% of the 167
protein-coding DEGs that were further characterized as up- or
downregulated (Fig. 2B, C; Cl1–8up/down; Supplementary Table

5). Among up-regulated genes, Cl1u–Cl4u contain genes that
show enhanced expression at only one specific time point (Cl1u:
1 h; Cl2u: 2.5hu; Cl3u: 4 h; Cl4u: 6 h). Cl5–Cl8 show a constant
chronological expression starting at 1 h (Cl8u), 2.5 h (Cl7u), or 4 h
(Cl5u). Only DEGs in Cl6u show a more complicated expression
profile as they were expressed at 2.5 h and 6 h but not 4 h leading
to a possible oscillating behavior. Further analysis showed that
DEGs in Cl5 and Cl6 were all upregulated (Fig. 2C), whereas most
of the DEGs in Cl8 were downregulated.
To identify the cellular consequences related to these gene

expression changes we combined the hierarchy “level 3” GO-terms
of biological processes (Pantherdb; Gene Ontology released 2021-
02-01, DOI: 10.5281/zenodo.4495804) to 20 umbrella terms
(Supplementary Table 6) and performed an overrepresentation
analysis of the DEGs within the specific clusters. For the early
response genes (Cl1 and Cl2) only “adhesion” is an over-
represented umbrella term, whereas for the late response genes
(Cl3–Cl5) six umbrella terms are overrepresented (Fig. 3). Most of
the DEGs in constant chronological expression clusters (Cl7 and
Cl8) and in late response clusters (Cl3, Cl4, and Cl5) are involved in
“regulation” of cellular processes (Fig. 3). The processes of “stress
response” and “response to stimulus” are overrepresented in Cl7,
while “development” is overrepresented in Cl8. The process of
“cell death” was only observed in clusters showing expression
after 2.5 h which correlates well with the activation kinetics of
TAp63α (Fig. 1).
To focus on important processes triggered by γ-irradiation we

used a refined word mining approach selecting for GO-terms
including “DNA-damage and repair”, “Necrosis” and/or “Apopto-
sis”. Only 19 out of the 151 DEGs (Fig. 4) could be directly assigned
to at least one of these processes. A previous study from
Kenzelmann et al. [23] identified 64 genes in mouse embryo
fibroblasts that are directly regulated by p53 6 h after treatment
with doxorubicin (Supplementary Table 7). Of these 64 genes, we
found six in our list of DEGs assigned to “Apoptosis” (Fig. 4) and
two involved in cell cycle arrest (Psrc2 and Ccng1). Only four
genes had a ~1.6-fold higher normalized expression before γ-
irradiation than after the treatment (Lcn2, Hhip, Star, and Cbs). As
these four genes are also involved in metabolic processes and
development, they seem less important for the acute stress
response following γ-irradiation. From the nine other DEGs, six
showed an average 1.33-fold higher normalized expression after
2.5 h (Jag2, Zmat3, Traf3, Phlda3, Sfn, and Lhx3; Supplementary
Table 3). These results lead to the conclusion that a major
transcriptional change occurs after 2.5 h following γ-irradiation,
which activates genes involved in DNA damage response and
apoptosis. As TAp63α becomes fully transcriptionally active at
2.5 h, it seems likely that the switch in expression program at 2.5 h
is mainly due to the activation of p63.
The main effectors of p63-based induction of apoptosis in

oocytes are the two BH3 only proteins PUMA (BBC3) and NOXA
(Pmaip1) [21]. Only Pmaip1 could be identified as a DEG after 2.5 h
assigned in cluster Cl7. Although BBC3 is not detected as one of
the DEGs (adj. p-value > 0.05), BBC3 gets upregulated at 2.5 h but
to a lesser extent at 4 and 6 h. We also investigated the expression
of Trp63, Trp53, and Trp73 as well as Mdm4. Of these, only Trp73
shows an increasing upregulation over the investigated period. In
contrast, Mdm4 becomes downregulated following irradiation (Fig.
4b; Supplementary Table 3) which is in stark contrast to the p53-
focused study in MEFs [23] where Mdm4 is as strongly upregulated
as Mdm2.
To validate the RNA-seq results for some selected genes we

used qPCR of samples taken 2.5 h and 6 h after γ-irradiation
and compared the induction levels relative to the sample
before irradiation. The results confirmed the upregulation of
Cdkn1a, Pmaip1, Bbc3, Mdm2, Ccgn1, TP73, and Eda2r and
showed that TP53 and Mdm4 do not get upregulated
(Supplementary Fig. 2).

Fig. 1 Time dependence of the level of several proteins in mouse
oocytes following irradiation of ovaries with 0.5 Gy. Western blot
analysis of the levels of TAp63α, its activated, phosphorylated form
pTAp63α, pro-Caspase-9, cleaved PARP1, and Msy2 are shown. Msy2,
a marker of oocytes, expressed in both primary as well as growing
oocytes, was used as a control. The time traces indicate that after
2.5 h virtually all of TAp63α is converted to the activated form and
after 6 h the signal of cleaved PARP1 starts to appear.
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Comparison with other p63 regulated transcriptome analyses
p63 is not only expressed in oocytes, it is also abundant in the
basal compartment of stratified and pseudo-stratified epithelial
tissues [24, 25]. These cells, however, express a different isoform,
ΔNp63α, which lacks the N-terminal 69 amino acids [24] including
the transactivation domain localized between N8 and E24 [26].
This isoform is essential for the proliferation and differentiation of

keratinocytes [27, 28], the role of ΔNp63α in keratinocytes is,
however, more complex than the role of TAp63α in oocytes.
ChIPseq experiments have identified many thousand binding
sites, many of them in enhancer regions [29–31]. ΔNp63α is
inactive on classical p53 target promotors (such as Cdkn1a or
Mdm2) [24] and rather acts as a suppressor of those genes. Certain
genes important for keratinocyte development are, however,
regulated by ΔNp63α [32]. Several different RNA-seq and ChIPseq
analyses have been performed in different cell types [33, 34]. A
recent study has used induced pluripotent stem cells (iPSCs)
derived from human dermal fibroblasts of healthy individuals and
patients expressing the R204W or R304W mutation in the p63
DBD. These mutations abolish DNA binding and cause the EEC
syndrome [35–37]. These iPSCs were induced to differentiate into
keratinocytes [31] and RNA-seq analysis resulted in the identifica-
tion of 296 upregulated genes in ΔNp63α mutated cells (potential
loss of suppressor function) and 241 genes that were down-
regulated. Comparison with our data showed that the list of
downregulated genes contains three of our DEGs while the list of
upregulated genes contains eight DEGs from our TAp63α/oocyte
study (Supplementary Table 8). Two of these genes (EDA2R and
PMAIP1) are involved in apoptosis and their upregulation by loss
of ΔNp63α or by activation of TAp63α suggests that ΔNp63α acts
as a repressor of these genes in keratinocytes.
In addition, we compared our DEG list with a recently published

list compiled from all so far published p63 RNA-seq/ChIPseq
studies that contain 180 targets [38] (138 upregulated, 42
downregulated genes). This comparison yielded a small number

Fig. 2 Differentially expressed genes in oocytes following γ-irradiation. a The Venn diagram shows the 167 protein-coding DEGs for the
different time points (1, 2.5, 4, 6 h) compared to 0 h. Clusters (Cl1–Cl8) are split in up- and downregulated genes for visualization in (b) and (c).
b, c Z-score normalized pseudocounts at the different time points after γ-irradiation of the 151 grouped (Cl1–Cl8) protein-coding DEGs. The z-
score normalized pseudocounts are shown as a color gradient from blue (−2) over white (0) to red (2).

Fig. 3 Assignment of DEGs to GO-terms based on statistical
overrepresentation test and grouped umbrella terms. Shown are
early response DEGs (Cl1 and Cl2), late response DEGs (Cl3–Cl5) as
well as Cl7 and Cl8. Visualized are the enrichment factor (x-axis), the
number of assigned DEGs (circle size) and adjusted p-value (color
gradient 0.05 blue to 0.00 red).
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of overlapping genes (Supplementary Table 7), demonstrating
again that both isoforms have very different and almost non-
overlapping functions.

Interferon-stimulated genes are upregulated at the 6 h time
point
Our DEG list also contains three interferon-stimulated genes, Ifit1,
Ifit3, and Isg15 as well as the Isg15 specific Dub Usp18. All four
genes show a very steep expression increase at 6 h (Fig. 5a). Based
on this observation we re-investigated the expression behavior of
other interferon-stimulated genes. Indeed many of them show a
similar expression pattern (Fig. 5a). To investigate if these genes
are potentially regulated by p63, we analyzed their promotor
regions which showed that a small number of these genes
including Ifit1/2/3 and Rasd2 have a weak p63 binding motif
(Supplementary Table 9). The time difference between transcrip-
tion of apoptosis-involved genes (upregulated at 2.5 h) and this
group of interferon-regulated genes (sharply upregulated at 6 h)
combined with the lack of strong p63 binding sites triggered our
search for alternative mechanisms. Typically, interferon-stimulated
genes are upregulated following activation of cytokine receptors
[39]. Ligand-induced dimerization activates JAK kinases which
further results in phosphorylation of STAT transcription factors
[40]. An alternative route is the activation of STAT proteins via the
soluble tyrosine kinase c-Abl. c-Abl itself gets activated via ATM
following the detection of DNA damage [41, 42] which is also the
start point of the ATM-CHK2-CK1-TAp63α signal cascade. Interest-
ingly, the effects of c-Abl inhibitors on the survival of oocytes
treated with chemotherapeutics have been reported [16, 43, 44].

In order to investigate the potential role of c-Abl in the regulation
of interferon-stimulated genes, we first analyzed the phosphoryla-
tion state of STAT1. Irradiation of mouse ovaries with 0.5 Gy
resulted in strong STAT1 phosphorylation at the 6 h time point
(Fig. 5b) which was inhibited by the treatment with the c-Abl
inhibitor imatinib. This suggests that STAT1 can be activated
intracellularly by c-Abl. In qPCR experiments, we further demon-
strated that treatment with imatinib reduced mRNA levels of Isg15
and Usp18 in ovaries analyzed 6 h after irradiation, further
supporting an intracellular pathway (Fig. 5c).

Changes in expression following lower irradiation dosage
Next, we investigated whether a slower induction of apoptosis
induced by a lower irradiation dosage of 0.2 Gy allows oocytes to
initiate a DNA repair response (Supplementary Table 10). This
dosage is still lethal for the majority of the primary oocytes,
however, oocyte death occurs slower [7]. We focused only on
genes assigned to biological processes “DNA-damage and repair”
and/or “Apoptosis” as well as p53 regulated genes based on
Kenzelmann et al. [23] (Fig. 6a, Supplementary Table 11). The RNA
transcript level of genes involved in apoptosis increased over time
at high and low dosage, however, the fold-change at low dosage
remained lower (Fig. 6a). Similar behavior is seen for the p53
target genes (this group has some overlap with the apoptosis
group, Supplementary Table 11). In contrast, nearly no increase in
gene transcripts related to DNA repair was detected, neither at
low nor at high dosage (Fig. 6a, Supplementary Table 11). To
investigate a correlation between the expression changes and the
slower oocyte death we performed a principal component analysis
(PCA; Fig. 6b; Supplementary Table 12). The PCA showed that
~80% of the variance within the samples can be explained by the
first three principal components (PCs). Most of the time point
samples of the different γ-irradiation dosages (Fig. 6b) are
relatively close to each other in the first three PCs except for
the 2.5 h time points. Furthermore, the samples of 0 and 1 h can
be clearly separated from the 4 and 6 h time points. Only for the
2.5 h time points, a separation is visible between high and low
dosage. The low dosage sample at 2.5 h is closely located relative
to the 0 and 1 h clusters, whereas the high dosage sample at 2.5 h
is more closely related to the 4 and 6 h clusters. This suggests that
changes in gene expression are delayed in the low dosage
samples, further supported by the expression profiles of Cl7 (Fig.
6c) where low dosage treatment results in a delayed response
(some genes like Cdkna1 show a more complex behavior, which is
most likely due to experimental errors based on the fact that no
replicates were obtained. The goal of the low dosage study,
however, was not to investigate individual genes but entire
clusters relative to the high dosage data).
To correlate this activation delay with the TAp63α activation

kinetics we performed size exclusion chromatography analysis of
extracts prepared from irradiated mouse ovaries at the different
times points (Fig. 7). These data show that at the 0.2 Gy 4 h time
point, TAp63α tetramerization just started, similar to the 1 h time
point following irradiation with 0.5 Gy. These data confirm that
there is a delayed activation of TAp63α, consistent with a delayed
transcription of apoptosis genes.

DISCUSSION
The presence of TAp63α in resting oocytes [45] makes them
particularly sensitive to DNA damage. Oocyte death is directly
linked to the activation of TAp63α which results in the expression
of PUMA and NOXA [21]. Other classical p53-target genes also get
transcribed, for example, Cdkn1a and Mdm2. The reason for
Cdkn1a expression in oocytes, which are arrested in the cell cycle,
is not immediately evident. Other genes involved in cell cycle
arrest, Psrc2 and Ccng1, get expressed as well. In addition, Phlda3,
an inhibitor of Akt signaling, is also expressed. Akt plays a major

Fig. 4 DEGs from our study related to GO-terms including
“Apoptosis”, “Necroptosis”, and/or “DNA damage and repair”. a
The six DEGs in this category and the two additional DEGs involved
in cell cycle arrest, which are all known from Kenzelmann et al. to be
regulated by p53, are indicated [23]. Z-score normalized pseudo-
counts are represented between −2 (blue) and 2 (red). b Expression
profiles of members of the p53 family, Mdm4, and Bbc3 (PUMA),
which do not reach statistical significance in our study but are
important for regulating apoptosis. For comparison, expression data
for the DEGs Pmaip1, Cdkn1a, and Mdm2 are shown.
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role in the activation of dormant primordial follicles [46–50].
Inhibiting Akt also prevents inactivation of the cell cycle inhibitor
p27 [51, 52] and TSC2, an inhibitor of mTOR [53]. In mice, lack of
TSC2 results in activation of primordial follicles [54]. Similarly,
Sestrin 2, an inhibitor of the TORC1 signaling pathway gets
expressed. These data show that part of the cellular response to γ-
irradiation is a strong inhibition of re-entry into the meiotic
process. Our results are consistent with a recent study that used
single-cell RNA-sequencing of primordial follicle oocytes 12 h after
cyclophosphamide injection in a human ovarian xenograft model.
This study showed that the depletion of the ovarian reserve is not
due to the “burn-out” mechanism as no activation of the PI3K/
PTEN/Akt pathway could be detected [55].
In contrast to the apoptotic program, we could not detect the

upregulation of a DNA repair program. In contrast to bacteria,
which have a strong induction of DNA repair genes after sensing
DNA damage (SOS response), only a few genes are upregulated
after DNA damage in mammalian cells [56]. The mammalian DNA
damage response rather requires posttranslational modifications
and re-localization than enhanced transcription. These results
indicate that the decision of life and death is based on the
strength of the apoptotic signal rather than the relative expression
of apoptotic and DNA repair pathways. However, if oocytes survive
they repair DNA efficiently [13, 21], mainly through the homo-
logous recombination pathway [57, 58].
Oocytes are known to critically depend on contacts to the

surrounding granulosa cells and changes in adhesion will have a
strong impact on their survival. Changes in the expression of
genes involved in adhesion are among the earliest detected and

are mostly downregulated. Other genes that are downregulated
already at the 1 h time point are involved in developmental
processes and metabolic functions (Cl8). This suggests that
developmental processes are stopped and changes in the
metabolism occur as soon as cellular damage is detected. For all
genes showing an early response, it is unlikely that p63 is involved.
One surprising result of this study is that at the 6 h time point

interferon-stimulated genes are upregulated when cells have fully
activated apoptosis. The upregulation of Isg15 (and other
interferon-stimulated genes) has been linked not only to viral
infection but also to DNA damage [59, 60]. While some interferon-
stimulated genes have p63 binding sites, a more likely pathway is
via STAT transcription factors. These can be activated not only
through cytokine receptors [39] but also intracellularly by c-Abl
[61]. Interestingly, the effects of imatinib on the survival of oocytes
following the treatment with cisplatin have been reported but also
controversially discussed [43, 62]. While it has been shown by
gene knockout studies as well as inhibitor studies that c-Abl is not
involved in the activation of dimeric TAp63α to its tetrameric state
[16, 44], it is possible that c-Abl phosphorylates TAp63α further.
For TAp73α, which is constitutively tetrameric [63] and therefore
regulated by different mechanisms, interaction with and phos-
phorylation by c-Abl have been reported [64–66]. Alternatively,
the imatinib effects observed in oocytes could be related to the
DNA damage triggered activation of STAT proteins via c-Abl and
the concomitant upregulation of interferon-stimulated genes.
Although imatinib inhibits not only c-Abl but also the receptor
tyrosine kinases c-Kit and PDGF-receptor, c-Abl is most likely the
critical kinase due to its activation by DNA damage. Thus, our data

Fig. 5 Expression kinetics of interferon-induced genes based on z-score normalized pseudocounts. a Several genes show a specific
upregulation at the 6 h time point. Only Ifit1, Ifit3, Isg15, and Usp18 reach statistical significance in our analysis (p-value below 0.05 for 6 h).
b The level of STAT1 and phosphorylated STAT1 were compared at the 6 h time point. Irradiation results in robust STAT1 phosphorylation,
which is strongly reduced by adding imatinib before irradiation. The phosphorylation status of TAp63α was probed as well, showing that
irradiation results in phosphorylation, which is not prevented by treatment with imatinib. c Usp18 and Isg15 mRNA levels were determined by
real-time PCR 6 h after γ-irradiation of mouse ovaries in the presence or absence of imatinib. Irradiation (IRR) results in upregulation of both
genes, which is inhibited by treatment with imatinib. The mRNA levels of non-irradiated ovaries treated with DMSO served as reference and
were set to 1. The foldchange of the mRNA levels of the other conditions relative to the DMSO control was determined (n= 3).
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Fig. 6 Comparison of transcriptional changes following irradiation with low and high dosage. a Analysis of genes at high and at low
dosage assigned to “Apoptosis”, “DNA damage and repair” (Go-Term word mining), or p53-regulated genes based on Kenzelmann et al. [23]. b
Principal component analysis of the first three components (PC1–PC3). Low dosage (triangle) and high dosage (circles) samples of different
time points are colored (dark green (0 h), green (1 h), yellow (2.5 h), orange (4 h), red (6 h)). c Comparison of the expression kinetics of DEGs
from Cl7 between high and low dosage samples based on z-score normalized pseudocounts.
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suggest that rather c-Abl activated STAT proteins and not p63 are
responsible for the observed effect. The reason for the upregula-
tion of interferon-stimulated genes is currently not known but
could be important to orchestrate phagocytosis of the dying
oocyte as Isg15 also gets secreted and acts as a chemoattractant
for example for neutrophils [67].

MATERIAL AND METHODS
Oocyte RNA isolation
Animal care and handling were performed according to the World Health
Organization (Geneva, Switzerland) guidelines. Five-day-old (P5) female
CD-1 mice were purchased from Charles River Laboratories. Ovaries were
harvested, transferred to sterile 96-well plates with 50 µl α-MEM (+L-Glu,
Gibco) supplemented with 10% fetal bovine serum (Gibco), 1× penicillin/
streptomycin (Gibco), 0.2 mg/ml Na-pyruvate (Gibco), 2 mg/ml N-acetyl-L-
cysteine (Sigma) and ITS liquid media supplement (100×) (Sigma) cultured
at 37 °C with 5% CO2 overnight [68]. The “Tierschutzbeauftragte” approved
the protocol for harvesting mouse ovaries of the Goethe University
Frankfurt/Main. Ovaries were irradiated with 0.5 or 0.2 Gy; (Caesium137
was the source of irradiation. The dose rate was 109 rad/min). The ovaries
were transferred at time points 0, 1, 2.5, 4, and 6 h after the irradiation into
40 µl Trypsin (0.25%) solution. To dissolve the ovary a yellow tip pipette
was used and the solution was pipetted for 5 min. When the solution
turned cloudy the ovaries were solubilized. Pipetting was continued for
another minute to separate the oocytes from the follicular cells. This
solution was centrifuged for 45 s at 1000 rpm in a table centrifuge to
separate the follicular cells from the oocytes. This washing step was
repeated until the oocytes were clean. After each centrifugation step, the

upper layer (follicular cells) was transferred to a new tube. Once the
oocytes were clean the last centrifugation step (5 min at 3000 rpm)
followed to pellet the oocytes and discard the supernatant. These oocytes
were resuspended in 30 µl PicoPure Extraction Buffer and placed for
30min at 42 °C before freezing the samples. The Samples were kept at
−80 °C until the RNA extraction was continued as described in the Pico
Pure Kit protocol. The resulting RNA was reverse transcribed by using the
SMARTER kit (Clontech), according to the manufacturer’s protocol. For each
time point, four ovaries were used.

Differential expression analysis
For differential expression analysis, RNA-seq experiments were used
containing five different points of time (0, 1, 2.5, 4, and 6 h) after
treatment with either 0.5 or 0.2 Gy. The 30 bp paired-end reads of RNA-seq
samples on illumina HiSeq were produced as duplicates for points of time
(0, 1, and 4 h) and once for 2.5 and 6 h. All RNA-seq datasets were mapped
on the reference genome of the mouse (Ensembl version 92) via salmon (v
0.9.1). The expression estimation algorithm of salmon precisely estimates
pseudocounts instead of read counts and allows a differentiation on a
transcript- as well as gene-level. For differential expression analysis all
alternative splice variants of the single transcripts were assigned to the
annotated gene (mouse genome version GRCm38). After pairwise Pearson
correlation of all datasets normalization and differential expression was
performed via DESeq2 for high dosage samples. As not all samples had at
least two replicates we used the implemented estimateDispersion function
of DESeq2 to estimate from the complex design over all samples with and
without replicates the per gene expression via Cox Reid-adjusted profile
likelihood. For this size factor of the libraries was estimated as well as a
Wald-test (default parameters and adding beta_prior = True) was

Fig. 7 Comparison of the size exclusion profiles of TAp63α from mouse ovary extracts irradiated with either 0.2 Gy, 0.5 Gy, or
nonirradiated (0 h). Each fraction corresponding to an elution volume of 50 µl was probed for the presence of TAp63α by Western blot
analysis (Supplementary Fig. 3). Quantification using bar graphs representing the percentage of a certain fraction of the total TAp63α signal is
shown. Dimeric TAp63α elutes at approx. 1.60 mL elution volume, tetrameric TAp63α elutes at approx. 1.3 mL, shows, however, due to the
open conformation a wider distribution.
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performed. All genes differentially expressed (DE) in at least one condition
compared to 0 h (log2 fold change > 1; adjusted p-value < 0.05) were called
as DE gene. For multiple-testing correction, we used the
(Benjamini–Hochberg) parameter for the p.adjust function.
The RNAseq data are deposited in the GEO data bank with the accession

code GSE184704.

Functional annotation and literature set comparison of DE
genes
For functional annotation of the genes, Gene Ontology (GO) terms were
assigned to the single genes via G-Profiler (source). G-Profiler annotates for
each gene all GO-terms corresponding to the functional hierarchy depth
within the GO-graph. GO-terms related to a “biological process” (hierarchy
level 1) have been used as root. In the GO-graph for the mouse genome 29
level2 GO-terms, 422 level3 GO-terms, and 2121 level4 GO-terms occur
(e.g., “signaling” level2; “cytokine production” level3; “type I interferon
production” level4). For unique functional annotation of the DE genes
hierarchy “level 3” was used in this study to create word clouds. For the
representation of the overall functions within a DE, cluster word clouds
were created, at which the abundance of a “level 3” GO-term throughout
the expression cluster is represented by the font size (font size 10 for the
lowest abundance; font size 30 for the highest abundance per cluster).
Level 3 GO-terms that represent a similar function were combined with
umbrella terms to preserve a clear overview (Supplementary Table 6). To
calculate the abundance of a GO-term each Gene with this GO-term
annotated is counted once. A single gene can therefore be counted for
several GO-terms, which means the sum of all GO-abundances do not add
up to the number of genes per cluster. Each gene with a corresponding GO
term was counted once per umbrella GO term. To compare genes that
were observed to be DE to known literature data, all 64 p53 related genes
proposed by Kenzelmann Broz et al. [23], were compared to the 167 DE
protein-coding genes. GO-Terms including the terms “DNA-damage/
-repair”, “Necroptosis”, or “Apoptosis” were extracted from GO-hierarchy
and assigned to umbrella terms.

Size exclusion chromatography analysis and western blotting
of TAp63α from ovarian extracts
Ovaries were harvested from P5 mice and were either irradiated with
0.5 Gy, 0.2 Gy, or non-irradiated as described above. For each size exclusion
chromatography experiment 16 ovaries were lysed by mechanical force in
50mM sodium phosphate, pH= 7.2, 150 mM NaCl, 0.1% Triton X-100,
EDTA free protease inhibitor cocktail (Roche), and phosphatase inhibitor
cocktail (Roche) in a total volume of 70 µl. After centrifugation at 20,000×g
for 15min at 4 °C the supernatant was injected in a Superose 6 PC 3.2/30
column (GE Healthcare) equilibrated with 50mM sodium phosphate,
100mM NaCl, EDTA free protease inhibitor cocktail, and phosphatase
inhibitor cocktail at 4 °C and eluted as described above. Collected fractions
were separated using 10% Bis–Tris NuPAGE gels (Invitrogen) in MOPS
buffer at 4 °C and subsequently transferred on a Hybond-P membrane (GE
Healthcare) using an XCell II blot module (Invitrogen). Blots were then
blocked with 5% skim milk in TBS buffer containing 0.1% Tween-20 and
probed overnight at 4 °C with 4A4 antibody (gift from Frank McKeon) [7].
Detection was performed using goat anti-mouse IgG-Fab-HPR (A9917,
Sigma Aldrich). Blots were quantified using Biometra BioDocAnalyze
2.0 software.
For c-Abl inhibition experiments, four ovaries per condition from P8

mice were treated with 10 µM imatinib (SML1027, Sigma) for 1 h and
subsequently irradiated with 0.5 Gy. Ovaries were collected in 10 µl lysis
buffer A (50mM Tris pH 8.0, 100 mM NaCl, 0.5 mM TCEP, 2 mM MgCl2, 1×
PhosSTOP, 1× cOmplete) and lysed with a pestle and multiple freeze–thaw
cycles. Afterward, 10 µl lysis buffer B (lysis buffer A+ 40mM CHAPS) and
1 µl Benzonase (Merck) was added to the samples and incubated on ice for
1 h. The supernatant was separated on 4-12% SDS-PAGE Mini-PROTEAN
TGX gels (Bio-Rad) and blotted using the semidry Trans-Blot Turbo Transfer
System (Bio-Rad). Blots were further processed as described before. Anti-
p63-α (D2K8K XP, Cell Signaling), anti-Phospho-STAT1 (Tyr701) (58D6, Cell
Signaling), anti-STAT1 (D1K9Y, Cell Signaling), and anti-Vinculin (7F9, Santa
Cruz) were used for protein detection. As secondary antibody a goat anti-
rabbit IgG (H+ L) (AB_2307391, Jackson ImmunoResearch) was used.

Kinetic measurements
The concentrations of TAp63α, Msy2, cleaved PARP1 and Pro-caspase9
were analyzed by SDS-PAGE and Western Blotting at different time points

between 1 and 45 h following irradiation with 0.5 Gy as well as before
irradiation. For each time point, one ovary was harvested and irradiated as
described above. Following irradiation 10 µL SDS loading buffer was added
per ovary, the sample was heated for 10min to 95 °C and subsequently
centrifuged at 3000 rpm for 2min. Five microlitres of each sample were
mixed with 5 µL of 2× Laemmli sample buffer and loaded on a 4–12%
Bis–Tris PAGE gel. Gels were run at 4 °C at a constant voltage of 200 V.
Western blot analysis was performed using an XCell II blot module
(Invitrogen) to transfer proteins to a polyvinylidene fluoride membrane.
The membrane was blocked for 1 h with 5% skim milk and incubated
overnight with the corresponding primary antibodies. The membrane was
washed three times with TBS-T buffer (TBS buffer with 0.05% TWEEN)
before incubation with the secondary HPR-conjugated antibody for 1 h.
The membrane was washed three times with TBS-T buffer and treated with
ECL Plus WB Detection Systems solution (GE Healthcare) for 5 min. Signals
were detected with a Lumi Imager F1 documentation system.
For the detection, the following primary antibodies were used: H-129

(Santa Cruz Biotechnology) (anti-TAp63α), N-13 (Santa Cruz Biotechnology)
(anti-Msy2), D214 (Cell Signaling Biotechnology) anti-cleaved PARP, C9
(Cell Signaling Biotechnology) anti-Caspase 9. As secondary antibodies (all
from Sigma Aldrich) goat anti-rabbit IgG-HPR (DC03L), goat anti-mouse
IgG-Fab-HPR (A9917), and rabbit anti-goat IgG-HRP (AP106P) were used.

Real-time quantitative PCR
Real-time quantitative PCR was performed with three independent sets of
samples. For each condition per set four dissected ovaries were pooled.
Oocytes were isolated by trypsin-digestion and multiple centrifugation
steps. Total RNA was extracted applying the PicoPure RNA Isolation Kit
(Applied Biosystems) with on-column DNAseI (Qiagen) digestion and
subsequently subjected to reverse transcription with random primers
using the RETROscript Kit (Ambion) followed by cDNA amplification with
the TaqMan PreAmp Kit (ThermoFisher Scientific). Real-time quantitative
PCR to determine the fold-induction of p63 target genes was performed
with TaqMan Gene Expression Assays (ThermoFisher Scientific) using a
LightCycler 480 (Roche). For one biological set, each sample and TaqMan
assay probe combination was measured in duplicates. All Kits were used
according to the manufacturer’s instructions. Target gene signals were
referenced to the housekeeping gene TBP and each biological replicate
was normalized to its non-irradiated sample before calculating the mean
fold induction and standard deviation. The statistical significance was
determined by the ordinary one-way ANOVA using GraphPad Prism
(Version 8.0.2.).
In experiments, in which RNA was isolated directly from ovaries, the

AllPrep DNA/RNA/Protein Mini Kit (Cat. No. 80004, Qiagen) was employed
for RNA isolation. cDNA was synthesized from the isolated RNA using the
RevertAid First Strand cDNA Synthesis Kit (Cat. No. K1622, Thermo
Scientific) and the supplied random hexamer primers. The real-time PCR
reactions were performed on an iCycler (BioRad cxn96 or connect / Applied
Biosystems Step One Plus). The reactions were carried out in biological
triplicates with four ovaries per experiment using EvaGreen (Cat. No.
27490, Axon). For normalization and calculation of relative expression
levels, the mRNA levels of the housekeeping gene GAPDH were used. The
mRNA levels of the non-irradiated but DMSO treated ovaries were used as
a reference and set to 1. The foldchange of the mRNA levels of all other
conditions was determined relative to the DMSO control (n= 3).
Significance was evaluated by t-test in GraphPad Prism, ***P < 0.001.
Real-time PCR primers (TaqMan):

Target ID Cat.number

Bbc3 Mm00519268_m1 4453320

Pmaip1 Mm00451763_m1 4453320

BAX Mm00432051_m1 4453320

Cdkn1a Mm04205640_g1 4448892

Mdm2 Mm01233136_m1 4453320

Mdm4 Mm00484944_m1 4448892

Ccng1 Mm00438084_m1 4448892

Lrdd Mm00502625_g1 4448892

Eda2R Mm00723601_m1 4448892

p53 Mm01731290_g1 4448892
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Table a. continued

Target ID Cat.number

p73 Mm01263636_m1 4448892

Ybx2 Mm01250826_gH 4448892

Tbp Mm00446971_m1 4453320

TaqMan® Gene Expression Master Mix 4369016

TaqMan® PreAmp Master Mix Kit 4384267

Real-time PCR primers (EvaGreen):
GAPDH: fw: 5′-gtttctataaattgagcccgc-3′/rev: 5′-tgtaaaccatgtagttgaggt-3′
Usp18: fw: 5′-atgactcacatgtttgttgg-3′/rev: 5′-cttcgtgtaaaccaagagatag-3′
Isg15: fw: 5′-atggaggacttttgggatag-3′/rev: 5′-agaggcagagctttttattg-3′

P63 binding motif analysis at promoter regions
TSS regions were identified from the mouse genome mm10 Ensembl
annotation using genomepy (doi: 10.21105/joss.00320). Promoter regions
were defined as 2 kb up- and downstream of the TSS regions of genes of
interest. The TP63 motifs “GM.5.0.p53.0001” and “GM.5.0.p53.0004” were
then selected from the gimme motifs database gimme.vertebra.v5.0 and
used for detection of the presence of TP63 motifs with multiple rounds of
gimme scan (doi: 10.1101/474403), with a minimummotif similarity of 0.85,
in the promoter regions.

DATA AVAILABILITY
All data needed to evaluate the conclusions in the paper are present in the article
and its supplementary material. Additional data related to this paper may be
requested from the corresponding authors.
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