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Highlights
e p53/Bim double knockout causes fully penetrant, female-
specific neural tube defects

e p53 binds to sites in the X chromosome inactivation center

e Loss of p53 results in marked reduction of Xist RNA levels

e Absence of p53 causes biallelic expression of X chromosome

genes
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In Brief

The molecular mechanisms underlying
the female bias of neural tube defects are
currently unclear. Delbridge et al. present
evidence that p53 is required for normal
Xist expression and X chromosome
inactivation and show in two models that
partial failure of X chromosome
inactivation is associated with female-
biased neural tube defects.
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SUMMARY

Neural tube defects (NTDs) are common birth de-
fects in humans and show an unexplained female
bias. Female mice lacking the tumor suppressor
p53 display NTDs with incomplete penetrance. We
found that the combined loss of pro-apoptotic
BIM and p53 caused 100% penetrant, female-
exclusive NTDs, which allowed us to investigate
the female-specific functions of p53. We report
that female p53~/~ embryonic neural tube samples
show fewer cells with inactive X chromosome
markers Xist and H3K27me3 and a concomitant in-
crease in biallelic expression of the X-linked genes,
Huwe1 and Usp9x. Decreased Xist and increased
X-linked gene expression was confirmed by RNA
sequencing. Moreover, we found that p53 directly
bound response elements in the X chromosome
inactivation center (XIC). Together, these findings
suggest p53 directly activates XIC genes, without
which there is stochastic failure in X chromosome
inactivation, and that X chromosome inactivation
failure may underlie the female bias in neural tube
closure defects.

INTRODUCTION

Neural tube defects (NTDs), such as exencephaly and spina
bifida, are among the most common developmental defects
and are observed at a frequency of 1 per 1,000 established preg-
nancies worldwide (Mitchell, 2005). At the severe end of the
spectrum, NTDs, such as anencephaly and craniorachischisis,
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are lethal in utero or perinatally. NTDs of lesser severity can be
treated with surgical intervention followed by ongoing manage-
ment of neurological deficits and other complications, but they
are commonly associated with severe disability (Copp et al.,
2013).

NTDs result from failed neural tube closure during embryogen-
esis. Successful neural tube closure requires a complex interplay
of several cellular and morphological processes that are still
incompletely understood. Neural tube closure entails changes
in the neural plate, whereby its lateral sides bend first dorsally,
then medially, then elongate, and finally fuse at the dorsal midline
to form a tube (Greene and Copp, 2014). Pertinent to this study,
apoptosis is required for neural tube closure, as loss of several
inducers or mediators of apoptosis can cause NTDs, including
loss of APAF-1, caspase-9 or combined loss of caspases-3
and -7, or combined loss of BAX, BAK, and BOK (Cecconi
et al., 1998; Hakem et al., 1998; Ke et al., 2018; Kuida et al.,
1998; Lakhani et al., 2006; Yamaguchi et al., 2011; Yoshida
et al., 1998).

For unknown reasons, females are over-represented among
NTD cases, with various theories postulated to explain this
phenomenon. X chromosome inactivation (XCI) is a dosage-
compensation process specific to females and so has long
been a contender for the cause of the female bias in NTDs
(Hall, 1986), albeit unproven. An early effector of XCI is the
long non-coding RNA Xist, which is expressed from the inactive
X chromosome elect and subsequently recruits a series of epige-
netic regulators that bring about silencing, including the poly-
comb repressive complexes (PRCs). Xist binds HnrnpK, which
in turn recruits PRC1, catalyzing an epigenetic mark that recruits
PRC2 (Aimeida et al., 2017; Pintacuda et al., 2017). The mark laid
down by PRC2, histone H3 lysine 27 methylation (H3K27me3), is
a marker of the inactive X. The complete loss of XCI leads to
developmental arrest in early embryogenesis; mice lacking Xist
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function arrest at the egg cylinder stage (Hoki et al., 2009). In
contrast, incomplete loss of XCl causes later developmental
arrest with NTDs. Mice with a hypomorphic mutation of Xist
arrest in development at embryonic day 9 (E9.0) and have an
open neural tube (Senner et al., 2011). This suggests that, unlike
complete loss of XCI, which causes developmental arrest in the
egg cylinder stage, impaired XCl may cause NTDs.

Loss of the tumor suppressor p53 is one of approximately ten
genetic alterations known to cause NTDs with a female bias
(Armstrong et al., 1995; Harris and Juriloff, 2010; Sah et al.,
1995; Slatter et al., 2011). p53 is a DNA-binding transcription fac-
tor and has a well-established role in the DNA damage response
pathway, where, depending on cellular context, it can induce cell
cycle arrest to allow DNA repair, cellular senescence, or
apoptosis (Bieging and Attardi, 2012). p53 induces apoptosis
through direct DNA binding and transcriptional activation of the
genes encoding the pro-apoptotic BH3-only BCL-2 family mem-
bers, PUMA and NOXA (Oda et al., 2000; Villunger et al., 2003).
NTDs caused by loss of p53 are remarkable for the strong skew-
ing of the sex ratio among affected individuals; 17%-60% of the
female p53~'~ embryos and only 0%-1% of the male p53~/~
embryos display NTDs in at least three independent mouse
strains (Armstrong et al., 1995; Sah et al., 1995; Slatter et al.,
2011). None of the otherwise well-studied, known roles of p53
in the DNA damage response and apoptosis would explain the
sex bias of the p53~/~ NTDs. It is noteworthy that the p53~/~
female bias does not appear to rely on the female sex per se
but rather on the presence of two X chromosomes. XX mice
that carry the male-sex-determining gene Sry on an autosome
are phenotypically male, but some display the p53~/~ NTDs.
Conversely, XY mice with the Sry gene removed are phenotypi-
cally female and do not display the p53~'~ NTDs (Chen et al.,
2008). This raises the question of which mechanism necessi-
tated by the presence of two X chromosomes may be faulty in
p53~~ mice and lends further support to the idea that
XCIl may be a relevant mechanism, at least in the case of the
p53~/~ NTDs.

Neural tube closure is completed at E9.5 in the mouse.
Therefore, mechanisms causing the female bias in neural
closure must be examined at or before this time. Although
the female bias of NTD in p53~'~ was recognized over 20 years
ago (Armstrong et al., 1995; Sah et al., 1995), the molecular
mechanism by which loss of p53 causes female-specific
NTDs has remained elusive, presumably in part due to the
incomplete and variable penetrance, which hinders prospective
investigation.

While investigating the impact of combined loss of p53 and the
pro-apoptotic BH3-only BCL-2 family member BIM (Delbridge
et al., 2016), we noticed serendipitously that the p53~/~ female
embryonic lethality and NTDs reached 100% penetrance. This
provided us with the unique opportunity to prospectively isolate
and examine female p53~/~ embryos destined to develop NTDs
and so allowed us to assess the role of p53 prior to the develop-
ment of major anomalies in p53~/~ embryos. We show here that
loss of p53 causes defects in X chromosome inactivation in neu-
ral tissues and that p53 is required for normal levels of Xist RNA
and directly binds response elements in the X chromosome
inactivation center.

RESULTS

The loss of p53 causes female-restricted NTDs with incomplete
penetrance (loss of 17% to >60% of females, depending on
strain and study; Armstrong et al., 1995; Sah et al., 1995), allow-
ing examination of epistatic effects of additional mutations in
genes encoding regulators of apoptosis. Specifically, we tested
whether loss of the pro-apoptotic proteins BIM or BMF could in-
crease the penetrance of NTDs or whether loss of the X-linked
anti-apoptotic XIAP could reduce the penetrance of NTDs in
p53~'~ mice. The p53~/~ males, which do not show NTDs (Arm-
strong et al., 1995; Sah et al., 1995), provided a control for
gender-independent effects on neural tube closure. Diverse
parental genotype combinations were used; therefore, the
expected distributions of p53, Bim, Bmf, and Xiap offspring ge-
notypes varied (Table S1). However, the expected female-to-
male ratio remained 1:1 in all cases (Figure 1A), and this is the
comparison we have used.

p53-Deficient Female Mice Are Underrepresented at

6 Weeks of Age, as Previously Reported

537~ and p53*/~ mice were bred to produce p53~/~ and p53*/~
offspring, and offspring were genotyped after weaning. The sex
distribution examined at 6 weeks of age indicated that only
19.6% of p53~/~ offspring were female, and thus females were
significantly underrepresented compared to the p53*/~ controls
(123:505 cf. the expected 1:1 ratio; p < 10~8; Figure 1A; Table S1).

Loss of BIM Causes 100% Lethality of Female p53~/
Mice but No Obvious Impact on Male Mice

If loss of the pro-apoptotic function of p53 contributed to the
NTDs and lethality in the p53~/~ females, one might expect
that, by removing a (p53-independent) inducer of apoptosis,
the resulting reduction in developmental apoptosis might also
increase the penetrance of lethality in p53~/~ females, without
affecting p53~/~ males. To test this hypothesis, we generated
mice that lacked both p53 and BIM, a potent BH3-only protein
that can inhibit all pro-survival BCL-2 family members (Czabo-
tar et al., 2014; O’Connor et al., 1998) and is critical for
apoptosis induced by growth factor deprivation and certain
other cytotoxic stimuli (Bouillet et al., 1999; Puthalakath et al.,
2007). Of note, loss of BIM (Bouillet et al., 1999) alone does
not cause NTDs.

Remarkably, loss of just a single Bim allele greatly increased
the incidence of lethality of p53~/~ females. Only 3.3% of
p53~/7;Bim*’~ female mice survived to 6 weeks of age
compared to 24.3% of p53~/~ females (Figure 1A; p < 0.001;
Fisher’s exact test). In the complete absence of BIM, none of
the p53~/~ female mice reached 6 weeks of age (p = 0.03;
Fisher’s exact test; 0% versus 24.3%). Male p53~/~ mice with
or without additional loss of one allele of Bim were not underrep-
resented compared to other genotypes (Table S1). Complete
loss of Bim on a p53 wild-type background (Bim™'~) caused
sex-independent embryonic lethality with ~50% penetrance
(Table S1), as reported previously (Bouillet et al., 1999).

Similarly, we tested whether loss of BMF, BIM’s closest
relative (Puthalakath et al., 2001), which also contributes
to growth-factor-deprivation-induced apoptosis (Labi et al,
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Figure 1. Loss of BIM Exacerbates the
Developmental Lethality Observed in
p53~'~ Female Mice and Combined p53/
Bim Deficiency Results in High-Penetrance
Exencephaly

(A) p53 mutant mice were crossed to mice defi-
cient for the pro-apoptotic BH3-only BCL2 family
member BIM. The numbers and percentages of
male and female mice of the indicated genotypes
were determined at 6 weeks of age. N, the number
of animals is indicated in the bars. For sex distri-
bution within a mouse strain, the cumulative
binomial probability is presented. For comparison
between strains, i.e., compound mutant data
compared to p53~/~ single mutant data (large
brackets), Fischer’s exact test was performed.
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2008), affected the survival of female p53~/~ mice. Loss of BMF
(Labi et al., 2008) alone does not cause NTDs. Like p53~/~ fe-
males, p53~/~;Bmf~’~ females were significantly underrepre-
sented compared to males of the same genotype (5.5%;
p = 0.00004; Figure S1A). The combined loss of BMF and p53
tended to further reduce the survival of females to 6 weeks of
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Details on parental genotypes and all offspring
genotypes are presented in Table S1. Related data
on p53-deficient mice crossed to Xiap- or Bmf-
deficient mice are displayed in Figure S1.

(B) Contribution of females of the indicated geno-
types at various developmental time points. The
number of animals per genotype examined was
7-58 (E9.5-E14.5) and 19-123 (postnatal day 28
[P28]-P42).

(C) Representative images of E19.5 pups.

(D) Incidence of NTDs in E12.5 embryos of the
indicated genotypes with representative images.
The number of animals per genotype examined is
displayed in the bar graph.

(E) Extent of neural tube closure at E9.5 in female
embryos of the indicated genotypes. “1” denotes
normal closure, and “4” denotes complete failure of
anterior neural tube closure. Representative im-
ages are shown. The number of animals per geno-
type examined is displayed in the bar graph.
Further data on the female p53~~ NTDs and stag-
ing by somite counts are displayed in Figure S1. The
effects of loss of p53 and/or BIM on developmental
apoptosis are displayed in Figure S2. Scale bars
equal 3 mm (C), 710 um (D), and 200 pum (E).

p537-;Bim™~ male

age, but this did not reach statistical sig-
nificance (Figure S1A; p = 0.1; Fisher’s
exact test; 5.5% versus 24.3%).

Loss of the X-Linked Inhibitor of
Apoptosis Did Not Affect the
Underrepresentation of p53-
Deficient Female Mice at 6 Weeks
of Age

If loss of the pro-apoptotic function of
p53 contributed to the NTDs and lethality
in p53~/~ females, one might expect that
another regulator of apoptosis located on
the X chromosome might contribute to the sex-biased death
observed in the p53~/~ females. The X-linked inhibitor of
apoptosis (XIAP) is a critical inhibitor of apoptosis in certain con-
texts (Jost et al., 2009). Although the human XIAP gene is nor-
mally subject to X chromosome inactivation, XIAP is expressed
at low levels (3% of the level of the active X) from the inactive
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Xand escaped from X chromosome inactivation in 7% of 43 lym-
phoblastoid and fibroblast cell lines (Cotton et al., 2013). Thus,
based on its ability to inhibit apoptosis, the requirement for
apoptosis in neural tube closure and its chromosomal localiza-
tion, we tested XIAP as a possible contributor to the sex-biased
nature of this phenotype. Like p53~/~ females, Xiap ™' ~;p53~/~
females were underrepresented (10 Xiap/~;p53~/~ females
versus 48 males; p < 10~6). However, loss of Xiap did not change
the extent of female p53~'~ underrepresentation at 6 weeks of
age (Figure S1A; p = 0.6; Fisher’s exact test; 20.8% versus
24.3%).

Female Embryos Lacking p53 and One or Both Alleles of
Bim Develop Neural Tube Defects with Complete
Penetrance

We examined p53~/~;Bim*"*, p53~/~;Bim*'~, and p53~'~;Bim '~
embryos and compared them to control embryos at E9.5, E12.5,
E14.5, and birth. Embryos were examined and scored blinded to
genotype. As previously published (Armstrong et al., 1995; Sah
et al.,, 1995), we observed female-specific NTDs associated
strictly with the p53~/~ genotype. Apart from the NTDs, we
observed developmental delay in 2.4% of the embryos, which
was not associated with any particular genotype. Developmen-
tally delayed embryos (based on somite counts) were not used
for further analysis (Figure S1). No other anomalies were
observed. The proportions of females observed at E9.5, E12.5,
and E14.5 were near 50%. However, between E14.5 and wean-
ing, almost all p53~/~;Bim*'~ as well as all p53~/~;Bim~’~ female
embryos were lost and the p53~/~ female embryos (wild-type for
Bim) were reduced to ~30% (Figure 1B). This indicates that the
combined loss of p53 and BIM caused 100% lethality of the fe-
male fetuses in the last third of gestation or perinatally. The loss
0f 40% of p53~/~ (wild-type for Bim) females also occurred during
this period.

To gain further insight into the cause of the lethality of p53~/~
females with compound loss of BIM, phenotypic analysis was
performed at E19.5. In contrast to later time points, p53~/;
Bim*'~ and p53~/~;Bim™'~ female pups were readily observed
and all presented with exencephaly (Figure 1C), which is incom-
patible with postnatal survival. To examine the early manifesta-
tions of the NTDs, embryos were analyzed at E9.5 and E12.5.
At E12.5, all p53~/~;Bim~'~ female embryos and the majority
of p53~/~;Bim*’~ female embryos exhibited prominent neural
tube defects, primarily exencephaly (Figure 1D), and spina bifida
was observed in a substantial number (Figure S1B). No NTDs
were observed in male embryos of any genotype or any of the
females that were not p53 deficient.

At E9.5, p53~/~ females that also lacked either one or both al-
leles of Bim displayed obvious NTDs (Figure 1E). Embryos were
scored blinded to genotype to quantitate the extent of neural
tube closure on a scale from 1 to 4, with “1” equating to normal
and “4” equating to embryos with severe failure of anterior neural
tube closure (Figure S1C). This analysis revealed no overt differ-
ences in the spectrum of defect severity between p53~/~;Bim~'~
and p53~/~;Bim** female embryos (Figure 1E). From this, we
conclude that loss of BIM increases the penetrance of the
NTDs in female mice lacking p53 but does not augment the
severity or the nature of the defects observed.

Loss of p53 or Bim Leads to a Reduction in
Developmental Apoptosis but with No Difference
between Sexes

Apoptosis in p53~/~ female embryos and fetuses has been
examined by histological methods (Armstrong et al., 1995) and
TdT end labeling (TUNEL) on sections (Sah et al., 1995) and
was reported to be indistinguishable from control embryos. In
order to obtain spatial distribution data on apoptosis, we per-
formed whole-mount (WM)-TUNEL on entire embryos. Corrobo-
rating previous histological reports (Armstrong et al., 1995; Sah
et al., 1995), we did not detect differences in the distribution of
TUNEL+ cells between p53~/~;Bim™'~ and p53*/*;Bim*'~ female
or p53~/~;Bim™'~ male E9.5 embryos (Figure S2A).

Fluorescence-activated cell sorting (FACS)-TUNEL has the
potential to be more quantitative and more sensitive to changes
than histological methods. FACS-TUNEL results revealed a
lower proportion of TUNEL+ cells in male and female p53~/~;
Bim™'~ embryos compared to wild-type embryos (0.13% versus
1.62%; p = 0.003; Figures S2B and S2C). This effect was
composed of independent effects of loss of p53 and loss of
BIM in reducing developmental apoptosis (p53: p = 0.009;
BIM: p = 0.04) that acted additively (R% = 0.96; p = 0.004; Figures
S2D and S2E). Our results confirm the conclusion from a previ-
ous study (Armstrong et al., 1995) that a proportion of develop-
mental apoptosis is independent of p53. However, as already
presaged (Sah et al., 1995), we can now confirm a subtle reduc-
tion in developmental apoptosis in the absence of p53, with a
further reduction with the additional loss of BIM. Pertinent to
the female-specific p53~/~ NTDs, there was no trend toward a
difference in cell death between males and females (p = 0.5; Fig-
ures S2F and S2G).

Taken together, these findings suggest that the female speci-
ficity of the NTDs is unlikely to be due to the apoptosis-inducing
roles of p53 and BIM. The roles of p53 and BIM in inducing
apoptosis may, however, cooperate to sensitize embryos for
NTDs caused by another female-specific, p53-dependent
mechanism.

Loss of p53 Results in a Reduction in the Proportion of
Nuclei with a Detectable Inactive X Chromosome
Previous work indicated that the p53~'~ NTDs, rather than being
female specific, depended on the presence of two X chromo-
somes, suggesting that X chromosome inactivation might be
involved (Chen et al., 2008). We therefore examined directly
whether female p53~/~;Bim*'~ cells had a defect in X chromo-
some activation.

We conducted experiments to detect the inactive X chromo-
some in E9.5 embryonic brain cells on a Bim*'~ background us-
ing Xist fluorescence in situ hybridization (FISH), as well as by
anti-H3K27me3 immunofluorescence (IF) staining. We observed
areduction in the percentages of cells with an inactive X chromo-
some, marked by Xist RNA accumulation or H3K27me3 enrich-
ment, in brain cells from female p53~/~ embryos compared to
those from p53** female embryos (Figure 2A: 57% versus
75% cells with Xist RNA foci; Figure 2B: 37% versus 61% cells
with H3K27me3 foci; p < 0.0005 in both cases). These findings
suggest that X chromosome inactivation does not occur nor-
mally in a subset of brain cells in female E9.5 p53~/~ embryos.
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Figure 2. Loss of p53 Perturbs X Chromosome Inactivation in Female Embryos at E9.5

(A) Epifluorescence images of Xist RNA fluorescence in situ hybridization (FISH) marking the inactive X chromosome and assessment of the percentage of cells
with a detectable Xist-positive focus in brain cells isolated from E9.5 p53~/~;Bim*'~ and p53*"*;Bim*'~ control brain cells.

(B) Anti-H3K27me3 immunofluorescence (IF) staining marking the inactive X chromosome and assessment of the percentages of cells with a detectable

H3K27me3-positive focus.

Data in (A) and (B) are presented as mean + SEM and were analyzed by Student’s t test. An average of ~100 nuclei from 4 animals per genotype was examined for
Xist clouds and from 5 animals per genotype for H3K27me3. Scale bars equal 8 ym, 9 um, and 7 um in (A) top, middle, and bottom, respectively and 8 um in (B).

Loss of p53 Results in Biallelic Expression of

X Chromosome Genes

The above described findings raised the question whether the
cells without a Xist cloud or H3K27me3 focus found in the female
p53-deficient embryos represented a failure of X inactivation. We
therefore tested whether X chromosome genes were biallelically
expressed in cells from female p53~'~;Bim*'~ E9.5 embryos. We
examined the expression of two X-linked genes subject to
X inactivation, Huwe1 and Usp9x, by nascent RNA FISH on
brain cells of female E9.5 p53~/~ (Bim*~ or Bim*'*) embryos
compared to control embryos (p53** or p53*/~ with Bim™'~ or
Bim*'*). We observed an increase in the percentage of cells
with two HuweT foci in female p53~'~ cells compared to control
cells (10% versus 3%, respectively; p = 0.04; Figures 3A and 3B).
Biallelic expression was decisively more prominent in female
p53~' cells that also lacked a Xist cloud compared to cells
with a Xist cloud (48% versus 3%, respectively; p = 0.025; Fig-
ure 3C). This suggests that the absence of Xist may contribute
to the biallelic expression of Huwe1. Similarly, there was an in-
crease in the percentage of cells with two Usp9x foci in female
p53~'~ cells compared to control cells (Figure 3D) and an in-
crease in cells with biallelic expression of both Huwel and
Usp9x (12% versus 4%, respectively; Figure 3E). Bim status
(Bim*'~ or Bim*’*) had no effect on the mono- or biallelic expres-
sion of Huwe1 in p53-deficient female cells (Figure S3), impli-
cating only p53 in the regulation of X chromosome inactivation.
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As a positive control, we examined nascent Huwel RNA in
cells lacking the gene encoding the structural maintenance
of chromosomes flexible hinge domain containing 1 protein
(SMCHD1). SMCHD1 is essential for X chromosome inactivation
(Blewitt et al., 2008). As reported previously for mouse embry-
onic fibroblasts (Mould et al., 2013), we observed that 29% of
E9.5 Smchd1™P"MPT (Smchd1-null) brain cells had biallelic
expression of Huwe1 compared to 1% in the control cells (Fig-
ures S4A and S4B). The extent of the biallelic expression was
higher in the cells lacking SMCHD1 (29%; Figure S4B) than in
the cells lacking p53 (10%-12%; Figures 3B and 3E).

Collectively, these data support the hypothesis that loss of p53
results in a partial failure of X chromosome inactivation.

Loss of p53 Results in Upregulation of X Chromosome
Gene Expression, whereas Xist RNA Levels Are Reduced
To examine the effect of p53 loss more broadly on X-linked gene
expression, we performed RNA sequencing on brain tissue
from E9.5 p53~/~;Bim*'~ female embryos, using as controls
p53~7;Bim*’~ male embryos and p53**;Bim*’~ female
embryos. Embryos were matched for the number of somites to
exclude an impact of any developmental delay that might occur
(Figure S1E). By comparing the gene expression profiles
between these three groups (Figures 4A and S5), we could
identify the abnormally up- or downregulated genes that are spe-
cific for the NTD phenotype by first determining genes that are



A
—/—
Control p53
1 Huwe1 focus 1 Huwe1 focus 2 Huwe1 foci
1 Xist cloud 1 Xist cloud Xist
DAPI DAPI DAPI

B (o
2 Huwet foci -5 60% p =0.025
— S 50%
° p=0.04 2
g1a% < 40% ,
- 9% o 30% O ps3*"~
o 6% % 20% W p537"
©
€ 3% S 10%
[0 (6]
S 4o = 0%
) /- . "
o Control p53 Xist  No Xist
D —/—
Control p53
1 Huwe1 focus 1 Huwe1 focus 2 Huwe1 foci
1 focus 1 focus 2 foci
Xist, DAPI Xist, DAPI DAPI

2 Usp9x foci
2 Huwef foci

15%

10%

5%

0%

Percentage of nucle

o5 3+/+ —/—

Figure 3. Loss of p53 Causes Biallelic Expression of Genes
Ordinarily Subject to X Chromosome Inactivation

(A) Confocal images of nascent Huwe1 RNA FISH and Xist RNA FISH in brain
cells isolated from E9.5 p53~/~ and control (p53*/* or p53*/~) embryos.

(B) Numerical assessment of nuclei with biallelic expression of Huwe1.

(C) Percentage of nuclei with biallelic expression of Huwe 1 among cells with or
without Xist cloud.

(D) Confocal images of nascent Huwe 7 and Usp9x RNA FISH in E9.5 brain cells.
(E) Numerical assessment of nuclei with biallelic expression of both Huwe1 and
Usp9x.

differentially expressed due to the absence of p53 (“affected fe-
males” [AFs] = p53~/~;Bim*'~ females versus “control females”
[CFs] = p53*"*;Bim*'~) and second excluding those genes that
are not associated with NTD (“control males” [CMs] =
p53~/7;Bim*’~ males unaffected by NTD versus control fe-
males = p53*/*;Bim*/ ). These genes are thus specific to animals
that lack p53 and exhibit a NTD (Figure 4A).

The top differentially expressed gene was Ccng1 encoding
cyclin G1, a well-established target gene of p53 (Okamoto and
Beach, 1994). However, Ccng? mRNA levels were decreased
in both male and female p53~/~;Bim*'~ embryos compared to
the p53*/*;Bim*’~ female control embryos (Figure S5B), ruling
it out as a candidate for the female-specific NTDs. The second
top differentially expressed gene was the X chromosome inacti-
vation gene Xist, which was downregulated in the female
p53~/~;Bim*’~ embryos compared to the p53*/*;Bim*'~ female
control embryos (Figure S5B). The top 12 differentially expressed
genes included 3 genes located on the X chromosome and ordi-
narily subject to X chromosome inactivation, Capné6, Irs4, and
Maob, which were upregulated in the female p53~/";Bim*’~ em-
bryos compared to the p53**;Bim*’~ female control embryos
and control male p53~/~;Bim™'~ embryos (Figure S5B). Downre-
gulation of Xist and upregulation of genes ordinarily subject to
X chromosome inactivation support the hypothesis of a defect
in X chromosome inactivation in the female p53*/*;Bim+” brain
tissue.

Overall, we observed a 2.3-fold enrichment of X chromosome
genes among the genes upregulated in p53~/~;Bim*'~ females
versus control p53*/*;Bim*’~ females (Roast test p = 0.0006;
Figures 4B, 4C, and S5B), although in contrast, genes that
initiate X chromosome inactivation located within the X inactiva-
tion center (XIC) were downregulated (Roast test p = 0.0002; Fig-
ures 4B, 4C, and S5B), including Xist (Figures 4B and 4C; down
3-fold; false discovery rate [FDR] = 0.0002). Comparison of con-
trol p53**;Bim*'~ females with control p53~/~;Bim*'~ males
showed efficient X chromosome dosage compensation with
very few X chromosome genes differentially expressed with
genome-wide significance (Figure 4D). In contrast, many X chro-
mosome genes were upregulated in p53~/";:Bim*’~ females
compared to control p53~/~;Bim*'~ males, indicating a defect
in X chromosome dosage compensation (Figure 4D). Similarly,
X chromosome genes were upregulated in p53~/~;Bim*'~ fe-
males compared to control p53*/*;Bim*'~ females (Figure 5A).
The decrease in Xist RNA levels and the increase in mRNA
levels of genes ordinarily subject to dosage compensation in
p53~/7;Bim*’~ females compared to control p53*/*;Bim*’~ fe-
males and control p53~/~;Bim*'~ males were corroborated by
gRT-PCR using independent samples of E9.5 brain tissue

Data in (B) are presented as mean + SEM and were analyzed by Student’s
t test (B) or Pearson Chi? test (C). 599 control nuclei (053** or p53*/~) from
3 animals and 1,116 p53’/’ nuclei from 5 animals were assessed for Huwe1.
374 p53*'~ nuclei and 460 p53~/~ nuclei from two animals each for Huwe1/Xist
are shown. 225 p53*"* nuclei from one animal and 656 p53~/~ nuclei from
3 animals for Huwe1/Usp9x are shown. Related data are displayed in Fig-
ure S3, and results for a protein known to be essential for XCl, SMCHD1, are
shown in Figure S4 as a positive control. Scale bars equal 4 um, 5 um, and
5 um in (A) left to right and 4 um, 5 um, and 5 um in (B) left to right.
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Figure 4. Loss of p53 Leads to Deregulation of Gene Expression
from the X Chromosome in Female Embryos at E9.5

(A) Analysis strategy, including differentially expressed genes depicting com-
parison groups: p53~/~;Bim*/~ (AFs, neural tube defect [NTD] affected females);
p53*"*;Bim*'~ (CFs, control females); and p53~/~;Bim*'~ (CMs, control males). 3
to 4 animals per genotype were used in the RNA sequencing experiment.

(B) Barcode plot depicting significant enrichment of X chromosome genes
within the upregulated genes (by moderated t-statistic) in the AF versus CF
comparison (red; Roast test; p = 0.0006), although X genes located in the
X chromosome inactivation center are downregulated (blue and labeled; Roast
test; p = 0.0002).

(C) Relative expression levels of examples of upregulated X chromosome genes
and of genes encoding non-coding RNAs involved in X chromosome inactivation.
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(Figures 5B and 5C). The overall expression from the X chromo-
some differed from all other chromosomes. It was the only chro-
mosome that showed an overall upregulation (Roast test FDR
0.01) in female p53~/~;Bim*'~ brain tissue compared to the
p53*"*:Bim™~ control females (or p53~/~;Bim*'~ males; not
shown). Overall gene expression from all other chromosomes
is either not significantly affected by the absence of p53 or
reduced (Figure 5D).

In addition to X chromosome genes, many other genes were
differentially expressed. However, these genes did not correlate
significantly with NTDs in previous studies. Indeed, genes that,
when mutated, cause NTDs were generally upregulated in the
absence of p53 (Figures S5C and S5D).

These findings support the hypothesis that loss of p53 com-
promises X chromosome dosage compensation and is required
for the normal levels of Xist RNA.

p53 Binds to Enhancers in the X Chromosome
Inactivation Center

Prior to X chromosome inactivation, Xist expression is repressed
(Kay et al., 1993), although Tsix is robustly expressed from the
anti-parallel DNA strand (Lee et al., 1999). When Jpx expression
is triggered, Xist expression is upregulated on the X chromo-
some that is destined to be inactivated (Tian et al., 2010),
whereas, conversely, Tsix is downregulated. The Xist transcript
spreads from the XIC to coat the X chromosome (Clemson
et al., 1996). Xist expression sets off a cascade of changes,
including enrichment in H3K27me3 (Plath et al., 2003; Silva
et al., 2003). H3K27me3 is a repressive mark, laid down by the
PRC2. These and other changes mediate chromatin condensa-
tion and repression of gene expression on the inactive X chromo-
some (for review, see Dixon-McDougall and Brown, 2016). The
Ftx locus is located within the XIC and has been proposed to
be important for Xist expression (Chureau et al., 2011; Furlan
et al., 2018).

To explore the mechanism by which p53 might regulate genes
involved in X chromosome inactivation, we analyzed the X inac-
tivation center for putative p53 binding sites. We examined an
anti-p53 chromatin immunoprecipitation (ChIP) sequencing
dataset (Li et al., 2012) for sites of p53 binding and found two
prominent binding sites near the Fix locus (Ftx_71 and Ftx_2;
Figure S6A). These two sites were clearly occupied by p53 in
untreated embryonic stem cells (ESCs) and had enhanced occu-
pation in doxorubicin-treated ESCs (Figure S6A); doxorubicin-
induced DNA damage causes activation and stabilization of
p53. DNA sequence analysis revealed that the two sites con-
tained p53 consensus binding sites. We isolated p53** and
p53~/~ ESCs from E3.5 embryos of p53*/~ x p53*/~ matings
and cultured them with and without doxorubicin and subjected

(D) Chromosome view of the log,-fold change in X chromosome gene
expression depicting dosage compensation of the two X chromosomes in CF
compared to CM and the failed X chromosome dosage compensation in AF
compared to CM.

Data in (C) are presented as relative mean reads per kilobase of transcript, per
million mapped reads (RPKM). All data were analyzed as detailed in the STAR
Methods under RNA sequencing. All differentially expressed genes are dis-
played in Table S2. Further RNA sequencing data are presented in Figure S5.
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these cells to anti-p53 ChIP-gPCR. We observed p53 occu-
pancy at the sites near the Ftx locus in untreated p53*/* ESCs
and enhanced occupancy in doxorubicin-treated p53*'* ESCs
and no signal in the p53~/~ negative control ESCs (Figure S6B).
To examine whether the p53 binding sites near the Ftx locus
resulted in transactivation, we cloned both sequences individu-
ally into luciferase reporter constructs. Reporter assays in p53-
deficient H1299 cells showed that enforced expression of p53
was sufficient to drive luciferase gene expression using either
the Fix_1 or the Ftx_2 p53 binding site, with Ftx_2 conferring
greater transactivation (Figure S6C).

The p53 binding site Fix_1 resides within the Fix gene, and
Ftx_2 is located upstream of the Ftx gene. The sites contain
transcription factor binding sites and active chromatin marks
(CTCF, POL2, p300, cJUN, H3K4me1, and H3K4me3). This
suggests that deletion of these sites would not just affect
p53’s ability to activate XIC genes but also interfere with the
function of other transcription factors and the Ftx gene, which
itself is required for Xist expression. Deletion of Ftx exons
1-5, which include p53 binding site Fix_71, causes a 4-fold
reduction in Xist RNA levels (Chureau et al., 2011), similar to
loss of p53. We therefore did not pursue mutational analysis
of these sites.

o Down, FDR < 0.05

Figure 5. Confirmation of the Reduction in
Xist RNA Levels and Increase in RNA Levels
of Genes Ordinarily Subject to X Chromo-
some Inactivation

(A) Chromosome view of the log,-fold change in X
chromosome gene expression between p53~~;
Bim*'~ (AFs) and p53*/*;Bim*/~ (CFs). Data were
analyzed as detailed in the STAR Methods under
RNA-sequencing.

(B and C) Confirmation of the (B) reduction in Xist
RNA levels and (C) increase in RNA levels of genes
ordinarily subject to X chromosome inactivation
on samples of brain tissue from female p53~"~;
Bim*'~, male p53~/~;Bim*'~, and female p53*/*;
Bim*'~ E9.5 embryos by qRT-PCR. Samples were
independent of those used for RNA sequencing.
Data are shown as mean mRNA levels normalized
to housekeeping genes + SEM and were analyzed
by one-way ANOVA followed by Bonferroni test.
N = 3 or 4 animals per genotype.

(D) Assessment of overall gene expression
changes between AF and CF per chromosome.
Mean log,-fold changes in gene expression per
chromosome are shown.

3 to 4 animals per genotype were used in the RNA
sequencing experiment. Data were analyzed by
Roast test, as detailed in the STAR Methods under
RNA sequencing. p53 binding to sites in the XIC,
as well as p53 reporter gene transactivation
mediated by the p53 binding sites in the XIC, are
displayed in Figure S6. Related data are displayed
in Figures S7 and S8.
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The p53 binding sites near the Fix locus
were the only pronounced p53 binding
sites found in the XIC, but because they
are distant from the transcriptional start
site (TSS) of the Xist gene, we also used an established algorithm
(ConSite; Sandelin et al., 2004) to detect putative sites closer to
the Xist gene. We detected several high-ranking putative p53
binding sites proximal to the Jpx TSS and two putative binding
sites proximal to Xist. However, none of these putative bind-
ing sites displayed p53 binding as assessed by anti-p53
ChIP-gPCR, and they were unable to mediate p53-dependent
transactivation in luciferase reporter assays (Figure S7).

These data, representing a survey of confirmed and putative
p53 binding sites of the X chromosome inactivation center, sug-
gest that p53 directly binds to sites in the vicinity of the Ftx locus
to promote transcriptional activation of one or more X chromo-
some inactivation genes.

As an alternative mechanism potentially conferring female-
specific NTDs, it has been proposed that female cells are more
susceptible to limiting levels of epigenetic repressors, because
maintenance of X chromosome inactivation recruits a large pro-
portion of the available chromatin repressors (Juriloff and Harris,
2012). To investigate this possibility, we examined p53 occu-
pancy and expression of genes encoding chromatin modifiers.
Although p53 binding was detected in the vicinity of some
gene loci encoding chromatin repressive proteins, the effects
of loss of p53 on these gene loci appeared to be relatively mild
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Figure 6. Impaired X Chromosome Inactiva-
tion, but Not Lack of Apoptosis, Is Associated
with Female-Specific NTDs

(A) The incidence of NTDs in the absence of intrinsic
apoptosis is low. Bax/~Bak~’~ double-knockout
and Bax/~Bak~’/~Bok ™'~ triple-knockout embryos
are completely deficient for intrinsic apoptosis (Ke
et al., 2018).

(B) Strong female bias of NTDs in embryos lacking
SMCHD1. SMCHD1 is essential for X chromosome
inactivation (Blewitt et al., 2008) and Figure S4.
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(Figure S8). This suggests that, in the case of the NTDs caused
by loss of p53, this mechanism would only make a small contri-
bution to the pronounced female specificity.

Defective X Chromosome Inactivation, but Not
Obliteration of Developmental Apoptosis, Causes
Female-Specific NTDs

Based on the observation that the reduction in apoptosis in
p53~'~ embryos (independent of Bim genotype) is not female-
specific (Figure S2) and the observation that loss of p53 causes
a reduction in Xist RNA levels and a defect in X chromosome
dosage compensation, which is a female-specific process, we
would propose that the effects of p53 on X chromosome gene
expression underlie the female specificity of the NTDs in the
P53~/ mice, not the effects of p53 on apoptosis. Nevertheless,
the loss of developmental apoptosis in p53~/~;Bim~'~ embryos
clearly brought about a higher penetrance of the female-specific
NTDs. Based on these findings, we hypothesized that, although
loss of developmental apoptosis by means other than loss of p53
may cause NTDs, these would not be sex biased and,
conversely, that defective X chromosome inactivation caused
by means other than loss of p53 would cause female-specific
NTDs. To test this hypothesis, we examined mouse embryos
lacking the pro-apoptotic BCL-2 family effector proteins BAX,
BAK, and BOK and mouse embryos lacking the X chromosome
inactivation protein SMCHD1. We have shown previously that
Bax~/"Bak™~ double-knockout and Bax~'~Bak~/~Bok™'~
triple-knockout embryos have no detectable developmental
cell death (Ke et al., 2018) and that SMCHD1 is essential for
X chromosome inactivation (Blewitt et al., 2008).

Consistent with our previous study (Ke et al., 2018), we
observed low penetrance of NTDs in E11.5 Bax~/"Bak~~ and
Bax~'~;Bak™'~;Bok™’~ embryos (Figure 6A), suggesting that
loss of developmental apoptosis by itself was not a candidate
mechanism for the 100% penetrance of the NTDs in the
p537/7;Bim™’~ mice, although the decrease in apoptosis
observed in both male and female p53~/~;Bim ™/~ may predis-
pose to NTDs. In contrast, among embryos lacking SMCHD1
and thus having defects in X chromosome inactivation (Blewitt
et al., 2008; Figure S4), 5 of 6 female Smchd1P"MPT empryos,
but only 1 of 14 male Smchd1P""MP" embryos, had NTDs
(Figure 6B).
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the bar graphs. Fractions of the total numbers of
embryos are displayed. Data were analyzed by
Pearson’s chi-squared test.

These data indicate that defects in X chromosome inactivation
caused by loss of two unrelated proteins (SMCHD1 or p53) can
lead to female-specific NTDs with high penetrance.

DISCUSSION

The data presented here identify female-specific molecular and
cellular changes associated with the female-specific neural
tube defects in p53-deficient mice. In the absence of p53, we
observed (1) the absence of Xist clouds and H3K27me3 foci in
a subset of cells, (2) biallelic expression of X chromosome genes,
(3) increased expression of genes ordinarily subject to X chromo-
some inactivation, and (4) reduced expression of the X chromo-
some inactivation center genes, most notably Xist, Jox, and Fix.
We demonstrated (5) p53 binding to specific sites in the X chro-
mosome inactivation center and (6) its ability to activate reporter
gene transcription based on binding to these sites. Lastly, we
used two unrelated methods of reducing developmental
apoptosis and impairing X chromosome inactivation to show
that (7) impaired X chromosome inactivation, but not lack of
developmental apoptosis alone, can cause female-specific,
highly penetrant NTDs.

Anumber of studies provided evidence that loss or reduction in
apoptosis from the peri-implantation stage onward causes NTDs
(Cecconi et al., 1998; Hakem et al., 1998; Ke et al., 2018; Kuida
et al., 1998; Lakhani et al., 2006; Yoshida et al., 1998), and one
study presented evidence that apoptosis is not required for the
specific time period of neural tube closure (Massa et al., 2009).
Together, the studies suggest that accumulation of cells
throughout development due to lack of apoptosisin arange of tis-
sues, including the neural tube, can cause NTDs, even if
apoptosis may not be acutely required during the process of neu-
ral tube closure. Thus, we propose that loss of p53-induced
apoptosis predisposes to NTDs. A reduction in apoptosis
occurred in both male and female p53~/~ embryos, and we sug-
gest that, combined with a defect in XCl, this causes failure of
neural tube closure specifically in the female embryos. The addi-
tional loss of pro-apoptotic BIM further raises the threshold for
apoptosis initiation, thus accounting for the enhanced pene-
trance of the NTDs in p53~/~;Bim*'~ and p53~/~;Bim '~ females.

It has long been postulated that the preponderance of females
affected by NTDs is derived from defective X chromosome



inactivation (Hall, 1986). However, this hypothesis had not been
readily accepted, in part because complete failure of X chromo-
some inactivation results in very early lethality. For example, fe-
male carriers of paternally inherited loss-of-function allele of Xist
die at E6.5 (Hoki et al., 2009). Of note, loss of p53 (or SMCHD1)
does not cause complete failure of XCl at E9.5 (with ~88% and
71% of cells still displaying monoallelic expression, respec-
tively). We therefore hypothesize that the failure of XCl in only a
subset of cells is compatible with development beyond E6.5
and that neural tube closure is a developmental process, during
which partial failure of XCl causes noticeable problems. In agree-
ment with this hypothesis, mice carrying a hypomorphic allele of
Xist display NTDs (Senner et al., 2011). Further congruent with
our proposal, NTDs in p53~'~ mice have been attributed to the
presence of two X chromosomes rather than the absence of a
Y chromosome or the physical sex (Chen et al., 2008).

Apart from direct binding within the XIC and transactivation of
XIC genes, p53 could also potentially affect Xist expression indi-
rectly in the following manner. The pluripotency factor Nanog has
been shown to repress the Xist gene (Navarro et al., 2008), and
p53 has been reported to repress the Nanog gene (Lin et al.,
2005) in mouse embryonic stem cells. Collectively, these studies
would suggest that loss of p53 could result in an increase in
Nanog mRNA and protein, which could result in a more pro-
nounced repression of Xist. It is possible that such indirect
mechanisms operate in addition to a direct regulation of XIC
genes by p53. Furthermore, p53 may activate Xist indirectly
through activation of the Ftx locus, as deletion of Fix resulted
in a significant reduction in Xist expression (Chureau et al.,
2011; Furlan et al., 2018).

The absence of Xist and H3K27me3, as well as biallelic
expression of X chromosome genes, was observed in p53-defi-
cient female embryos at the time of neural tube closure on em-
bryonic day 9.5, which is unusual, as cells that fail XClI ordinarily
are considered not to persist. This suggests that the level of XCI
failure in the p53~/~ female cells at ~12% may not be severe
enough to trigger elimination. It is worth noting, however, that
the fate of cells failing to undergo XCI during development is
not known. These cells may remain in the population, may be
actively selected against, or disassemble their Xist cloud(s) and
re-enter cell division (Monkhorst et al., 2008). Based on our
investigation of the role of apoptosis in development (Ke et al.,
2018), the cells failing to undergo XCI are unlikely to die by
apoptosis, because we did not see sex-biased effects of the
combined loss of BAX, BAK, and BOK, the critical effectors of
apoptosis.

Our observations at E9.5 cannot distinguish whether XCl failed
at initiation, establishment, or during maintenance. In this
context, it is worth noting the Xist RNA is not required for the
maintenance of XCl in mouse embryonic fibroblasts (Csan-
kovszki et al., 1999). Nevertheless, we have shown that p53
binds to sites within the XIC at the Ftx locus and others sug-
gested that the Ftx locus may act as an enhancer of Xist (Furlan
et al., 2018). Therefore, we propose that p53 may be required for
the efficient activation of genes within the XIC, such as Xist and/
or Ftx, and that the absence of p53 may compromise initiation of
XCl. In this context, it is noteworthy that the 5’ end of the Ftx
locus, the region where we observed p53 binding, has been

shown to engage in long-range interactions with the Xist locus
(Furlan et al., 2018). These may bring p53 bound to the sites at
the 5' end of the Fix locus into physical contact with the tran-
scriptional machinery at the Xist locus, an interaction that would
enable Xist transactivation by p53. Mutational analysis of the p53
binding sites detected in the XIC may be useful to determine
whether their mutation causes female-specific NTDs.

p53 is a well-known transcription factor with a range of func-
tions (Bieging and Attardi, 2012), so it was surprising to find
that only 18 genes were differentially expressed between the
p53~'~ males and p53** control females, compared to 3,718
genes differentially expressed between p53~/~ female and
p53*/* control female brains. The latter are likely to include effects
that are secondary to defects in brain development. The female-
specific NTDs may be caused by the mis-regulation of a large
number of genes rather than a small number of specific regulators
of neurogenesis. Noteworthy in this context is that the average
directional gene expression changes from individual chromo-
somes were either unchanged or downregulated, except for the
X chromosome, which stood out with an average upregulation.

Apart from loss of p53, mutations in several other genes have
been reported to result in female-biased NTDs (reviewed in Juril-
off and Harris, 2012). However, the expression of these genes
was not noticeably affected by the absence of p53 in our study
(even with the additional loss of BIM), and thus, the mechanisms
underlying the female specificity of their loss-of-function pheno-
type remain to be determined.

In conclusion, we have shown that the 17%-60% penetrance
of NTDs in p53~/~ female mice rises to 100% when the pro-
apoptotic protein BIM is also lost. Our finding supports the
notion that the p53~/~ NTDs are mediated by a sex-independent
component, i.e., loss of the pro-apoptotic function of p53, com-
bined with a sex-specific component, i.e., a defect in X chromo-
some inactivation. Importantly, we observed biallelic and
increased gene expression from the X chromosome but a loss
of gene expression in the XIC, including Xist gene expression,
and a loss of formation of repressed X chromosome chromatin
in a subset of the p53~/~ female embryonic brain cells. Our
data suggest that this results from a defect in the activation of
Xist gene expression by p53, independent of p53’s function in
apoptosis. How cells with biallelic expression of X chromosome
genes affect neural tube closure at the level of tissue morpho-
genesis remains to be determined.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-H3K27me3 Millipore 07-449 (RRID:AB_310624)
anti-rabbit IgG-Alexa 488 Invitrogen A-21206 (RRID:AB_2535792)
anti-p53 antibody Novocastra NCL-L-p53-CM5p
Chemicals, Peptides, and Recombinant Proteins

SpectrumRed dUTP Abbott Vysis
SEEBRIGHT Red 650 dUTP 25 nmol Enzo ENZ-42522
SEEBRIGHT Orange 552 dUTP (lyophilized) 50 nmol Enzo ENZ-428421 -0050
SEEBRIGHT Green 496 dUTP (lyophilized) 50 nmol Enzo ENZ-42831L-0050
TRIzol reagent Invitrogen 15596026
FUGENE® HD Transfection reagent Promega E2311

Critical Commercial Assays

In Situ Cell Death Detection Kit Roche 12156792910
Nick Translation Kit Abbott 07J00-001
RNeasy micro kit QIAGEN 74004
SuperScript lll First-Strand Synthesis SuperMix Kit Invitrogen 18080400

Dual luciferase (LUC) assay Promega E1910

Deposited Data

RNA-seq data This study GEO: GSE127446

anti-p53 ChlP-seq dataset

(Li et al., 2012)

GEO: GSE26360

Experimental Models: Cell Lines

OPEN

ACCESS
CellPress

p53** embryonic stem cells This study N/A

P53~ embryonic stem cells This study N/A

H1299 cells American Type Culture Collection CRL-5803

Experimental Models: Organisms/Strains

p53*"~ mice (Jacks et al., 1994) N/A

Bim*"~ mice (Bouillet et al., 1999) N/A

Bmf*'~ mice (Labi et al., 2008) N/A

Xiap*"~ mice (Jost et al., 2009) N/A

Bax*’~ mice (Knudson et al., 1995) N/A

Bak*’~ mice (Lindsten et al., 2000) N/A

Bok™~ mice (Ke et al., 2012) N/A

Bax*~-Bak™~Bok™~ mice (Ke et al., 2018) N/A

Smchd1*/MommeD1 mice (Blewitt et al., 2008) N/A

Oligonucleotides

See Table S4 for oligonucleotide sequences for N/A

ChIP-gPCR, RT-gPCR and genotyping

Recombinant DNA

PCMV-Xist-PA (Wutz and Jaenisch, 2000) N/A

Huwe1 BAC Children’s Hospital Oakland Research RP24-157H12
Institute https://bacpacresources.org

Usp9x BAC Children’s Hospital Oakland Research RP23-216M21
Institute https://bacpacresources.org

Jpx2x This study N/A

Jpx3x This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Fix_1 This study N/A
Ftx-2 This study N/A
pGL4.24 Luciferase Reporter Vector Promega E8421
p53 expression construct (Zuckerman et al., 2009) N/A
P63 expression construct A. Constanzo N/A
p73 expression construct G. Blandino N/A
Ccng1 M. Oren N/A
Tk G. Blandino N/A
Renilla luciferase SV40 Reporter Vector Promega E2231

Software and Algorithms
GraphPad Prism 7 GraphPad Software
FlowdJo version 10 FlowJo LLC

RRID:SCR_002798
RRID:SCR_008520
RRID:SCR_012763
https://imagej.nih.gov/ij/
RRID:SCR_001905
RRID:SCR_001905
RRID:SCR_001913

Stata 12.1 software StataCorp, Texas

Imaged 1.47n NIH

R R Project for Statistical Computing
R packages Rsubread, edgeR and limma Bioconductor

SegMonk Babraham Institute

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Anne K.
Voss: avoss@wehi.edu.au.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Experiments with mice were conducted with approval from the Walter and Eliza Hall Institute for Medical Research Animal Ethics
Committee. p53~ (Jacks et al., 1994) and Bim™~ (Bouillet et al., 1999) mice have been previously described. Both strains were orig-
inally generated on a mixed C57BL/6x129SV genetic background using 129SV-derived ES cells, but had been backcrossed to
C57BL/6 mice for more than 25 generations prior to the current study. The Bmf”~ (Labi et al., 2008) and Xiap™~ (Jost et al., 2009)
mice were generated on a C57BL/6 background using C57BL/6-derived ES cells. Compound mutant mice were generated by in-
ter-crossing single mutant strains. Breeding strategies are detailed in Table S1. Bax”~Bak™”~Bok™" triple null embryos were generated
from Bax*"Bak™~Bok™~ intercrosses, as described previously (Ke et al., 2018), originally derived from Bax*'~ (Knudson et al., 1995),
Bak*’~ (Lindsten et al., 2000) and Bok*~ mice (Ke et al., 2012). Smchd1MPMPT empryos were derived from intercrosses of
Smchd1+/MommeDT mice (Blewitt et al., 2008). Mice were genotyped by PCR or allelic discrimination assays, as described previously
(Blewitt et al., 2008; Grabow et al., 2014; Ke et al., 2012). Genotyping primers are listed in Table S4.

Isolation of p53 mutant and control ES cells

Embryonic stem (ES) cells were isolated from E3.5 embryos derived from p53*/~ x p53*/~ matings, essentially as described previously
(Voss et al., 1997), with the modification that 2i medium (Ying et al., 2008) and no feeder cells were used. ES cells were cultured in 2i
medium and genotyped for p53.

METHOD DETAILS

Phenotypic analysis

Embryos and pups were isolated at the indicated time points following timed matings. Noon of the morning on which the vaginal mat-
ing plug was observed was designated embryonic day 0.5 (EQ.5). Abnormalities were identified and scored before genotyping of the
mice, i.e., blinded to genotype. Images were taken using AxioCam HR, Carl Zeiss on a Stemi 2000-C dissecting microscope (Carl
Zeiss; Germany). E9.5 (3.2x), E19 (0.65x), E12.5 (1.5x).
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Whole-mount TUNEL staining and microscopy

Embryos were harvested at E9 and incubated with 10 png/mL proteinase K (Sigma Aldrich) at RT for 10 min. Fixing was subsequently
performed using 4% paraformaldehyde for 20 min at RT, and embryos were then permeabilized by treatment with ethanol:acetic acid
(2:1) for 20 min at —20°C. Embryos were rinsed several times with PBS (Sigma Aldrich) before TUNEL staining was performed with the
In Situ Cell Death Detection Kit (catalog number 12156792910, Roche) according to the manufacturer’s instructions. To generate
positive controls, embryos were treated with DNase | (5 pg/pL) at 1:1000 dilution with PBS for 30 min at 37°C, prior to incubation
with the TUNEL reagent. After extensive washing with PBS with 0.1% Tween, embryos were stained with DAPI for 3 h at RT and
cleared overnight in a 5%-80% glycerol gradient. All images were obtained using a 10x objective with the LSM 780 laser scanning
confocal microscope (Zeiss).

TUNEL staining for flow cytometric analysis

Embryos were harvested at E9.5 and digested in 0.5 mL of trypsin in PBS at 37°C for 5-7 min with gentle agitation. The reaction was
halted by addition of 1 mL DMEM containing 10% FCS, and single cell suspensions were then generated by gentle pipetting. Cells
were washed once with PBS, centrifuged at 200g, resuspended in 100 uL of ice-cold PBS, and fixed with 2% paraformaldehyde
(PFA) for 1 h at room temperature. Cells were subsequently washed with PBS containing 2% FCS and permeabilized with 0.1%
Triton-X in 0.1% sodium citrate for 2 min on ice. Following another round of washing, TUNEL staining was performed using the
In Situ Cell Death Detection Kit (catalog number 12156792910, Roche) according to the manufacturer’s instructions. Cells were
counter-stained with DAPI prior to flow cytometric analysis using the LSR IIW machine (Becton Dickinson).

Detection of Xist RNA and nascent Huwe1 and Usp9x RNA by fluorescence in situ hybridization

E9.5 brain cells were isolated and plated in chamber slides, coated with poly-lysine for 24 h. Xist RNA FISH was performed as pre-
viously described (Jansz et al., 2018; Keniry et al., 2016). Xist RNA was detected with the 15 kb cDNA, pCMV-Xist-PA, as described
(Wutz and Jaenisch, 2000). The Xist probe was labeled with SpectrumRed dUTP (Abbott, Vysis) or SEEBRIGHT Red 650 dUTP (Enzo)
by nick translation (Abbott). The cells were mounted in Vectashield HardSet mounting medium with DAPI (Vector Laboratories). Cells
were visualized using a 100x oil objective (Zeiss). Images were analyzed using Imaged 1.47n software. An average of ~100 cells were
analyzed per embryo, using a threshold-based method and background subtraction.

Similarly, nascent Huwe1 and Usp9x RNAs were detected using BACS as probes ordered from the Children’s Hospital Oakland
Research Institute (https://bacpacresources.org; clones RP24-157H12 and RP23-216M21, respectively) labeled with a nick trans-
lation kit (Abbott) incorporating SEEBRIGHT Green 496 dUTP (Enzo) and SEEBRIGHT Orange 552 dUTP (Enzo), respectively. Length
of the probe and mRNA expression levels affect the ability to detect transcripts by Nascent RNA FISH. Huwe1 (14,624 bases) and
Usp9x (11,903) were selected as the next two longest RNAs apart from Xist (17,918 bases).

Anti-H3K27m3 immunofluorescence staining

Brain cells from E9.5 embryos were isolated and plated in chamber slides, coated with poly-lysine for 24 h. Cells were washed once in
PBS, fixed in 3% PFA (pH 7.0) for 10 min at room temperature and, with intervening PBS wash steps, treated with 0.5% Triton X-100
for 5 min onice, 1% BSA for 15 min, anti-H3K27me3 antibody (Millipore, 07-449, 1:100) diluted in 1% BSA/PBS for 45 min, anti-rabbit
IgG secondary antibody (Invitrogen, Alexa 488, 1:500) diluted in 1% BSA/PBS for 40 min, counter-stained with DAPI, mounted and
imaged.

RNA sequencing

E9.5 embryos were matched for somite counts. The brains to just posterior of the otic vesicle were dissected from these embryos
(see Figures S1D and S1E) and RNA was isolated using the RNeasy micro kit (QIAGEN 74004; Germany). RNA samples (N = 4 for
AF and CM, N = 3 for CF) were sequenced on an lllumina HiSeq 2500 to produce 11-16 million paired-end 100 bp reads per sample.

Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was isolated from E9.5 embryos using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Quantity and purity of the RNA samples were assessed using the NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA). 1 ng of RNA was reverse transcribed to cDNA using the SuperScript lll First-Strand Synthesis SuperMix Kit (Invitrogen)
with random hexamers in a 20 plL reaction volume. gPCR was subsequently carried out in 384-well plates using Tagman primers
(Applied Biosystems) specific for Ftx (Mm03455831_m1), Sirt3 (MmO00452131_m1), Nup62c/ (Mm01302198_m1), Maob
(Mm00555412_m1), PIs3 (Mm00521302_m1), Xist (Mm01232884_m1), Tsix (Mm03455648_m1), Ring?1 (Mm01278940_m1), Bmi1
(Mm03053308_m1), or HMBS (Mm01143545_m1) that were designed to cross an exon junction, hence reducing the likelihood
of amplifying genomic DNA. Each well contained a 10 pL reaction, and PCR amplifications were performed using the Viia 7
Real-Time PCR System (Thermo Fisher Scientific) under standard running conditions as suggested by the manufacturer. Three
replicates of each reaction were performed, and gene expression was normalized to HMBS, which was assigned as the house-
keeping gene.
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Reporter assays

A 531 bp (Upx2) or 759 bp (Jpx3) bp fragment of the Jpx promoter proximal to the TSS was cloned in-frame with the luciferase expres-
sion cassette in the pGL4. 14 Luciferase Reporter Vector (Promega, Madison, WI). The region in the Jpx2x construct encodes two
putative p53 binding sites at —456 to —436 and —120 to —100 relative to the start of Jox Exon 1. The region in the Jpx3x construct
encodes an additional downstream binding site starting within Exon 1 at +129 to + 149. Site positioning based on Ensembl. A 248 bp
(mm9_dna range = chrX:100810118-100810365) or 252 bp fragment (mm9_dna range = chrX:100810118-100810365) underlying
two prominent p53 binding peaks near the Ftx gene in the ChlP-seq dataset (Li et al., 2012) were cloned in-frame with the luciferase
expression cassette into the in the pGL4.24 Luciferase Reporter Vector (Promega, Madison, WI). The sites are at —20139 to
—19888 bp and at + 1928 to + 2175 bp from the dominant TSS of the Fix locus. The two sites are ~130 kb and ~150 kb upstream
of the TSS of Xist.

The dual luciferase (LUC) assay was performed in triplicate according to the manufacturer’s instructions (Promega Corporation,
Madison, WI, USA) essentially as previously described (Haupt et al., 2009). Briefly, H1299 cells were transiently co-transfected using
PEI with LUC reporter constructs for Jpx, plus expression constructs for p53 (Zuckerman et al., 2009), p63 (kind gift of A. Constanzo),
p73, (kind gift of G. Blandino) or equal amounts of empty vector and Renilla luciferase SV40 reporter (Promega Corporation, Madison,
WI, USA). Similarly, assays were undertaken with reporter constructs for Ftx. After ~20 h, the fold change in LUC relative to Renilla
(REN) luciferase activity was compared between treatments with and without p53 and also its family members p63 and p73. Negative
control for p53 activation TK-luciferase (TK, HSV thymidine kinase, kind gift of G. Blandino) and the positive control cyclin G (Ccng1;
kind gift of M. Oren) demonstrated assay efficacy. Similarly, male and female MEFs at passage 3, either wild-type or null for p53 were
assayed, with the modification that the FUGENE® HD Transfection reagent (Promega Corporation, Madison, WI, USA) replaced PEI.

p53 chromatin immunoprecipitation

p53*"* and p53~~ MEFs were grown to 70%-80% confluence and positive controls were treated with doxorubicin (0.5 pg/mL) for
24 h. p53*"+ and p53™ ES cells were treated with doxorubicin (0.5 ng/mL) for 3 h to 4 h. Cells were washed twice in cold PBS,
then cross-linked with 1% PFA for 10 min. Cross-linking was stopped by adding glycine at a final concentration of 125 mM. After
washing cells twice with cold PBS, they were harvested by scrapping in PBS supplemented with protease inhibitors and pelleted.
Cells were lysed in 1x lysis buffer (1% SDS, 10 mM EDTA, 5 mM Tris-Cl pH 8.1, 1x protease inhibitors) and chromatin was sheared
using the Covaris sonicator (S220, Covaris; Woburn, MA), standardized to ~50 pg across all samples as estimated by spectropho-
tometry absorption at 260 and 280 nm, then topped up with to 2 mL in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-Cl pH 8.1, 167 mM NaCl and 1x protease inhibitors). Chromatin was pre-cleared with 30 uL of 50% protein
A magnetic beads (Merck Millipore; Germany) for 30 min at 4°C, then 5 pL anti-p53 antibody (5 pg; Novocastra CM5; Leica
Biosystems, Germany) were added to each tube and incubated overnight at 4°C. Immune complexes were recovered by adding
30 uL protein A magnetic beads for 1 h at 4°C. Then, using a magnetic rack, the following washes were conducted for 5 min
each: low salt wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-Cl ph 8.1, 150 mM NaCl), high salt wash buffer
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-Cl ph 8.1, 500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% NP40, 1%
Deoxycholic acid, 1 mM EDTA, 10 mM Tris-Cl pH 8.1), followed by 2x washes in TE buffer (10 mM Tris-HCI (pH 8.0), 0.1 mM
EDTA). Chromatin was eluted from magnetic beads with elution buffer (1% SDS, 100 mM NaHCO3) for 20 min at 65°C, cross-links
were reversed in NaCl at a final concentration of 0.2 M for 4 h, followed by proteinase K and RNase A treatment. DNA was purified by
phenol/chloroform extraction and subjected to gPCR with the following primers designed to detect the putative p53 binding sites in
the X chromosome inactivation center: Jpx1 gccctgtgaggtgtccaata, acagaggctaggtggcaaag; Jpx2 gcagccgggagaggaace,
ctgtcaggctgtccctaaatg; Jpx3 ggattagccaggcagctaga, ctctctgacagcgcgagac; Xist1 gettgccccatatgatgaga, cttggtcacggaaccaactc;
Xist2 gtcacatgacttccgccatc, gcaaagggctttgtgtgtc; Fix_7 ggcctagtigtgctcatggt, tcaatggggaaacttccttc; Fix_2 gagcctcaggacttcaggtg,
ttcaaagtgagctccccagt; the positive control loci: Noxa gcaggactcgtcctccttg, agcgaagtggagcaggtct; Puma ctctggctgccgggaaac,
ggggacaagtcggggctt; and the chromatin repressor loci: Ring1a_1 tccaaggtaggaagccatgt, gggtttctccctctcactce; Ringla_2, agccc
cattccctatcattt, acaaagccaggaagcttgaa; Bmi1 aaatgtgtgggggttttcag, aggacctccccagttgaagt; Sirt3_1 cagaaggtgtgcaggagaca,
actgttgctaggcagctggt; Sirt3_2 gtccctgattcctcactcca, tatatgggggaatgegcetta.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical tests used, the definitions of center and dispersion measures are specified in each figure legend. The number of
animals used (or number of experiments) is stated either in the figures or in the figure legend. Significance values (FDRs or p values)
are stated as exact values in the figures. Animals were assessed blinded to genotype, namely before the genotype was determined.
Automation (flow cytometry, RNA-seq) was used to assess parameters where possibly to avoid bias.

Analysis of RNA sequencing data

Reads were aligned to the mm10 genome using Rsubread 1.10.2 (Liao et al., 2013) and reads were counted by Entrez Gene ID using
featureCounts (Liao et al., 2014) and Rsubread’s built-in RefSeq annotation. Obsolete Entrez IDs were removed, as were mitochon-
drial genes, predicted (Gm) genes and unexpressed genes. Genes were considered expressed if they achieve at least 1 count-per-
million in at least 3 samples. Library sizes were normalized by the TMM method (Robinson and Oshlack, 2010). Differential expression
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analysis used the limma package (Ritchie et al., 2015) and the voom method (Law et al., 2014). Pairwise comparisons were made
between the AF, CF and CM genotypes using robust empirical Bayes t-statistics. Genes with false discovery rate (FDR) below
5% were considered differentially expressed. Gene set tests were conducted using the ROAST method (Wu et al., 2010) with
9999 rotations. Multidimensional scaling plots and barcode plots were drawn using limma’s plotMDS and barcodeplot functions
respectively.

Analysis of anti-p53 ChlIP-seq data

Anti-p53 ChlP-seq data derived from untreated and doxorubicin treated mouse embryonic stem cells, as well as input tracks were
obtained from (Li et al., 2012), GEO database with a SuperSeries number, GSE26360. Mapped reads were examined for genomic
enrichment using MACS peak caller (Zhang et al., 2008) in SegMonk (Babraham Institute) and then compared to our p53 mutant
and control RNA-seq data.

Statistical analysis

Column charts, and line graphs were prepared using Excel (Microsoft, CA) or GraphPad Prism 6 (GraphPad Corporation, La Jolla,
CA). Statistical comparisons as stated in the figure legends were performed using GraphPad Prism 6, Stata 12.1 software, StataCorp,
Texas, or R version 3.4.1.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA sequencing data produced in this study is GEO: GSE127446.
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