Cell Death and Differentiation (2013) 20, 987-997
© 2013 Macmillan Publishers Limited All rights reserved 1350-9047/13

@

www.hature.com/cdd

Rescue of platinum-damaged oocytes from
programmed cell death through inactivation of the p53
family signaling network

S-Y Kim', MH Cordeiro’, VA Serna?, K Ebbert', LM Butler?, S Sinha®, AA Mills*, TK Woodruff*'® and T Kurita*>°

Non-proliferating oocytes within avascular regions of the ovary are exquisitely susceptible to chemotherapy. Early menopause
and sterility are unintended consequences of chemotherapy, and efforts to understand the oocyte apoptotic pathway may
provide new targets for mitigating this outcome. Recently, the c-Abl kinase inhibitor imatinib mesylate (imatinib) has become the
focus of research as a fertoprotective drug against cisplatin. However, the mechanism by which imatinib protects oocytes is not
fully understood, and reports of the drug’s efficacy have been contradictory. Using in vitro culture and subrenal grafting of
mouse ovaries, we demonstrated that imatinib inhibits the cisplatin-induced apoptosis of oocytes within primordial follicles. We
found that, before apoptosis, cisplatin induces c-Abl and TAp73 expression in the oocyte. Oocytes undergoing apoptosis
showed downregulation of TAp63 and upregulation of Bax. While imatinib was unable to block cisplatin-induced DNA damage
and damage response, such as the upregulation of p53, imatinib inhibited the cisplatin-induced nuclear accumulation of
c-Abl/TAp73 and the subsequent downregulation of TAp63 and upregulation of Bax, thereby abrogating oocyte cell death.
Surprisingly, the conditional deletion of Trp63, but not ANp63, in oocytes inhibited apoptosis, as well as the accumulation of
c-Abl and TAp73 caused by cisplatin. These data suggest that TAp63 is the master regulator of cisplatin-induced oocyte death.
The expression kinetics of TAp63, c-Abl and TAp73 suggest that cisplatin activates TAp63-dependent expression of c-Abl and
TAp73 and, in turn, the activation of TAp73 by c-Abl-induced BAX expression. Our findings indicate that imatinib protects
oocytes from cisplatin-induced cell death by inhibiting c-Abl kinase, which would otherwise activate TAp73-BAX-mediated
apoptosis. Thus, imatinib and other c-Abl kinase inhibitors provide an intriguing new way to halt cisplatin-induced oocyte death
in early follicles and perhaps conserve the endocrine function of the ovary against chemotherapy.
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Earlier detection of cancer coupled with improved treatment
options has increased the number of cancer survivors. As the
number of cancer survivors increases, so do concerns
regarding their post-treatment quality-of-life. One of the most
serious consequences of radiation and chemotherapy is the
off-target effects on germ cells."? In women, the ‘ovarian
reserve’ represents all available oocytes for the future fertility
and endocrine health. As immature oocytes within ovarian
reserve are highly sensitive to cancer therapies, radiation and
chemotherapy with alkylating agents increase the likelihood of
premature ovarian failure,>* which has physical conse-
quences such as hypoestrogenism and the long-term
sequelae of sex steroid deficiency, as well as psychological
consequences.>® There is a significant need for preventive

approaches that can protect the ovarian reserve against
cancer therapy-induced premature ovarian failure, and
preserve future fertility and endocrine function.?

One promising approach is the use of neoadjuvant
fertoprotective agents that guard the ovarian reserve when
administered concurrently with either radiation” or
chemotherapies.® For example, sphingosine-1-phosphate
was shown to protect small follicles and preserve fertility
against radiation in primates, allowing them to give birth to
healthy offspring.” Similar results were obtained in mice
treated with cisplatin using imatinib mesylate (imatinib), which
protected immature follicles, presumably by inhibiting the
function of tyrosine kinase c-Abl.2 Although the fertoprotective
effect of imatinib and other treatments remains to be
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confirmed,®'° ‘neoadjuvant’ therapies may still provide
effective options to protect both fertility and endocrine function
in women before and/or during cancer therapy.'" To develop
safe and effective therapies, the mechanisms by which cancer
therapies kill oocytes in immature follicles must be elucidated.

Apoptosis of damaged germ cells appears to be controlled
by p53 orthologs throughout the animal kingdom.'>'2 In the
starlet sea anemone, UV-induced germ cell death requires the
function of the p53 ortholog nvp63.'* DNA damage-induced
germ cell death in the nematode is also regulated by a p53
ortholog, cep-1.">"® In the fruit fly, a p53 ortholog is essential
to eliminate unnecessary germ cells via apoptosis.'”” The
mammalian p53 family consists of three paralogs, p53, p63
and p73 (encoded by TP53/Trp53, TP63/Trp63 and TP73/
Trp73in human/mouse),'® and all three p53 family members
appear to have a role in DNA damage-induced apoptosis of
male germ cells. Stress/DNA damage-induced germ cell
apoptosis is attenuated in the testis of Trp53-deficient'®2° and
Trp63-deficient mice.2" The c-Abl/p73 pathway appears to be
activated in male germ cells during etoposide-induced
apoptosis.?? Unlike in testis, there is evidence supporting a
role for TAp63 but not p53 or TAp73 in oocyte apoptosis.?® In
the mouse ovary, TAp63, the p63 isoform that contains a
p53-like transactivation domain, is constitutively expressed in
oocytes.?*28 Qocytes of TAp63-deficient mice were found to
be insensitive to y-irradiation-induced apoptosis, indicating an
essential role for TAp63 in the ablation of damaged
oocytes.>>2” In contrast, p53 is dispensable for either
doxorubicin- or radiation-induced apoptosis in oocytes.?2®
In addition, TAp73 appears to prevent rather than to facilitate
apoptosis in immature oocytes as ovaries of TAp73-deficient
mice have a reduced number of primordial and primary
follicles.2® On the basis of these observations, TAp63 has
been proposed to regulate cisplatin-induced apoptosis in
oocytes,? although the necessity of TAp63 in this process has
not yet been functionally demonstrated.

To study how imatinib can preserve immature follicles
against cisplatin, we developed an assay system that consists
of in vitro culture and subsequent subrenal grafting of ovaries
from postnatal day 5 (P5) mice. Primordial and primary
follicles, which are the predominant structure in P5 mouse
ovaries, are highly sensitive to radiation and chemotherapies;
thus, this age is an ideal time which to study the mechanism of
immature follicle death induced by genotoxic cancer therapy.
We confirmed the protective effect of imatinib against
cisplatin-induced loss of ovarian reserve, and by generating
an oocyte-specific Trp63 conditional knockout mice, we
demonstrated — for the first time — that TAp63 is necessary
for cisplatin-induced oocyte apoptosis. During apoptosis,
oocytes express p53 and TAp73, as well as c-Abl in a
Trp63-dependent manner, suggesting that cisplatin induces
apoptosis of oocytes in primordial follicles by triggering a
signaling network involving all three p53 family members,
which is controlled by TAp63.

Results

Dose-dependent effect of cisplatin on ovarian follicles in
organ culture. P5 mouse ovaries were cultured with various
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doses of cisplatin (4—200 um). After 4 days in culture,
dose-dependent damage by cisplatin was observed as dark
condensed areas in the centers of oocytes by phase contrast
microscopy (Figure 1a). At 20 um or higher, cisplatin killed
most follicles, as well as stromal cells as seen in H&E-stained
sections. In contrast, the damage caused by 4 um cisplatin
was mostly restricted to the primordial follicles (Figures 1a
and b), and reduced the number of primordial follicles to
~10% of that in control ovaries (Figure 1b). As 4 um cisplatin
is comparable to the plasma concentrations observed in
patients receiving cisplatin,3® we used this concentration in
subsequent experiments.

Imatinib prevents cisplatin-induced loss of primordial
follicles in organ culture. Next, the effect of imatinib was
tested between 1-100 um concentrations to reflect the range
of plasma concentrations observed in patients receiving
imatinib treatment.3' As imatinib was toxic at higher
concentrations (Supplementary Figure S1), 5um imatinib
was used in subsequent experiments. In cisplatin-treated
ovaries, oocyte death in primordial follicles was prominent in
H&E-stained sections and was effectively repressed by
cotreatment with 5um imatinib (Figure 2a). The protective
effect of imatinib on primordial follicles was better visualized
with immunofluorescent detection of MSY2 (green) and
TAp63 (red) in the oocyte cytoplasm and nuclei, respectively
(Figure 2a). Coadministration of imatinib with cisplatin
resulted in significant retention of primordial follicles. While
~10% of primordial follicles remained after 4 days of
treatment in the cisplatin group, ~50% of primordial follicles
survived in the cisplatin + imatinib group (Figure 2b).

Although primordial follicles survived for 4 days in vitro with
cisplatin +imatinib, it is possible that the oocytes in these
follicles would have eventually undergone apoptosis because
of irreparable DNA damage. To examine the long-term effect
of cisplatin with or without imatinib on ovarian follicles, after 4
days in culture, mouse ovaries were transplanted under the
kidney capsule of a syngenic female host mouse and were
grown for an additional 14 days in vivo. To allow oocytes to
repair DNA damage before grafting, ovaries were cultured
with cisplatin for 24 h, after which they were cultured in control
or imatinib-containing medium for an additional 3 days
(Supplementary Figure S2). Although follicles were visible
under the bright field microscope before grafting, no tissue
was present after 14 days of in vivo growth in the cisplatin-only
treatment group. This result indicates that the damaging effect
of cisplatin persisted within the ovary even after removal of the
drug. In contrast, ovaries containing primordial, primary and
secondary follicles were recovered after 14 days of in vivo
growth from each of the other groups (n=4, per treatment;
Figure 3). Although the overall size of ovarian tissues in the
cisplatin + imatinib group was observably smaller than those
of the control and imatinib groups, all tissues contained
primordial follicles (n= 4, Figure 3 inset, yellow arrow). These
findings support the fertoprotective efficacy of imatinib against
acute and chronic effects of cisplatin.

Imatinib does not prevent platinum (Pt)-DNA adducts
and DNA damage in oocytes. To elucidate the signaling
pathways involved in cisplatin-induced follicle depletion and
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Figure 1 Cisplatin damages cultured ovaries in a dose-dependent
manner. (a) Analysis of ovarian follicles. The damaging effect of cisplatin
was observed in the ovary as dark, condensed areas in the phase contrast
bright field image. In H&E-stained sections, severe damage of somatic (both
granulosa and stromal) cells and secondary follicles was observed at 20 um
and 200 um cisplatin, whereas damage was specific to primordial and primary
follicles at 4 um cisplatin. Loss of follicles was clearly demonstrated by
immunofluorescence assays for oocyte markers TAp63 (nucleus, red) and
MSY2 (cytoplasm, green). Nuclear TAp63, which marks oocytes within
immature follicles, was significantly reduced in cisplatin-treated groups.
Loss of secondary follicles, indicated by the loss of MSY2 staining, was
prominent in the 200 um cisplatin group. Scale bars =25 um. Blue=DAPI.
(b) Quantification of follicle loss. Follicle numbers at 4 days are shown as the
average number of follicles per section (n=4). Bars indicate average
number £ S.D. The number of primordial follicles (blue bars) was significantly
reduced in all cisplatin-treated groups. There was no statistically significant
difference in the number of primary (red bars) and secondary (yellow bars)
follicles with 0, 4 and 20 uwm cisplatin, most likely due to the small population of
these follicle types at this age. However, both primary and secondary follicles
completely disappeared with 200 um cisplatin. ***P<0.001 compared with
the untreated control group
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its prevention by imatinib, immunofluorescence analyses
were performed on ovaries cultured for 48 h, the time point at
which ovaries cultured with cisplatin still contain a substantial
number of primordial follicles (Figure 4). Cisplatin-activated
apoptotic signaling in oocytes was detected by the presence
of known mediators of apoptosis, Bax,2® active caspase-3%2
and cleaved PARP333* (Figure 4a). Cotreatment with
imatinib, attenuated the expression of these cisplatin-
induced apoptotic signaling proteins (Figure 4a). Thus,
cisplatin causes primordial follicle loss through the apoptosis
of oocytes and imatinib protects the ovarian reserve by
inhibiting the activation of cisplatin-induced apoptosis.
Immunofluorescence was performed to detect the
platinum-DNA adduct cis-Pt(NH3)2d(pCpG) [Pt(CG)]** and
DNA damage response proteins. The signal for Pt(CG)
showed equal intensity in the oocyte nuclei of the large
follicles remaining in the cisplatin group and the primordial
follicles in the cisplatin -+ imatinib group, but not in the control
group (Figure 4b). Likewise, markers for the DNA damage
response (yH2AX and phosphorylated ATM/ATR substrate)
were detected at equal levels in the cisplatin and cisplatin +
imatinib groups but not in the control group (Figure 4b). Thus,
while imatinib protects the primordial follicles of the ovarian
reserve from apoptosis, it does not inhibit DNA double-
stranded breaks or damage response mechanisms.

Upregulation of p53 family proteins and c-Abl by
cisplatin and its inhibition by imatinib. To identify
mediators of cisplatin-induced apoptosis in oocytes,
expression of p53 family members (p53, p63 and p73) and
their putative activator, c-Abl, were examined. Oocytes
constitutively express TAp63 (Figure 5ai, iv and vii) in the
nucleus in primordial to early secondary follicles; TAp73 is
only expressed in the nucleus of these follicles upon cisplatin
treatment (Figure 5av and vi). ANp63 and ANp73 were not
detected in P5 mouse ovaries in situ or in culture regardless
of the treatment (Supplementary Figure S4xi and iv, respec-
tively). While p53 was weakly detected (Figure 5avii inset),
and the signals for c-Abl and TAp73 were almost
undetectable (Figure 5ai and iv) in the control group, 48h
of cisplatin treatment induced high expression of c-Abl,
TAp73 and p53 in both the cytoplasm and nuclei of oocytes
within primordial and primary follicles (Figure 5aii, v and viii,
respectively). Expression of TAp73 and c-Abl was detected
in ~50% of oocytes of primordial follicles (Figure 5b). This
cisplatin-induced upregulation of c-Abl and TAp73 was
significantly attenuated by imatinib (Figure 5aiii and vi,
respectively); oocytes positive for TAp73 and c-Abl declined
to ~15% (Figure 5b). Short-term treatment of ovaries with
20 um cisplatin showed nuclear accumulation by 30 min and
subsequent downregulation of nuclear TAp63, TAp73 and
c-Abl by 90min (Figure 5c). Oocyte nuclear TAp63 was
downregulated 48h after treatment with 4 um cisplatin,
whereas TAp73 and c-Abl remained (Figure 5aiii, vi, and d
ii and iii). Bax was detected primarily in the oocytes devoid of
nuclear TAp63 (Figure 5di). The exclusive expression pattern
of TAp63 versus TAp73/c-Abl/Bax suggests that TAp63
induces Bax via activation of TAp73 and c-Abl. Imatinib
treatment inhibited both cisplatin-induced oocyte death and
the downregulation of TAp63 (Figure 5aiii, vi and ix),
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Imatinib prevents cisplatin-induced loss of follicles in the ovarian reserve. (a) The protective effect of imatinib against cisplatin was tested in ovarian organ culture.

A volume of 5 zm imatinib was not toxic to the ovary (see Supplementary Figure S1 for dose response). In H&E-stained sections, cisplatin-treated ovaries contained a high
number of damaged follicles with dark pink cytoplasm and condensed nuclei, whereas most primordial follicles in the cisplatin + imatinib-treated ovaries appeared healthy. The
fertoprotective effect of imatinib on immature follicles was clearly observed by the significant increase in TAp63-positive (red) and MSY2-positive (green) follicles present in
cisplatin + imatinib-treated ovaries relative to cisplatin-treated ovaries. Scale bar =100 um. Blue = DAPI. (b) Average follicle number per section (four ovaries/group) was
reported as mean + S.D. (n=3). There was no significant difference between the number of primordial follicles in the control and imatinib groups (n.s.). There was a significant
difference in the number of primordial follicles between the control, cisplatin and cisplatin + imatinib-treated groups. *P<0.05, ***P<0.001 compared with the untreated

control group

suggesting that degradation of TAp63 is regulated by the
kinase activity of c-Abl.

TAp63 is the master regulator of cisplatin-induced
oocyte death. To determine the function of TAp63 in
cisplatin-induced follicle loss, p63 cKO (conditional knockout)
mice were generated using GDF9-iCre mice (Supplementary
Figure S3). At P5, TAp63 protein was absent in the oocytes
of p63 cKO (Trp63"*xViexN- GDF9-iCre) mice, while MSY2
(Figure 6a) was present in the cytoplasm of oocytes in both
p63 cKO and cHet (conditional heterozygotes, Trp63"/oxN:
GDF9-iCre) ovaries (Figure 6a). The sensitivity to
cisplatin-induced oocyte death was compared between
wild-type control (Trp63"""!; GDF9-iCre), p63 cHet and p63
cKO ovaries. After 4 days in culture, cisplatin destroyed
95% of primordial follicles in the wild-type ovaries. In
contrast, the number of primordial follicles was no
different in the control and cisplatin-treated p63 cKO
ovaries (Figure 6b). p63 cHet ovaries demonstrated an
intermediate phenotype; the number of primordial follicles in

Cell Death and Differentiation

cisplatin-treated p63 cHet ovaries was significantly higher
than wild-type ovaries (P<0.05) and lower than p63 cKO
ovaries (P<0.001; Figure 6b). These data provide the first
functional evidence for an essential role of TAp63 in the
cisplatin-induced loss of immature follicles. Interestingly, p63
cKO ovaries contained significantly higher numbers of
follicles than those of wild-type and cHet ovaries in the
untreated control group (P<0.001), suggesting that TAp63
may also control the selective loss of oocytes that occurs in
the postnatal period (Figure 6b).%® While immunofluores-
cence is difficult to quantitate, serial dilution immunofluores-
cence analysis indicated that the level of TAp63 in oocytes
was significantly lower in p63 cHet compared with that of wild-
type ovaries (Figure 6¢). The degree of oocyte loss correlated
with the copy number of the Trp63 gene and the expression
level of TAp63, suggesting that the level of TAp63 determines
the sensitivity of oocytes to DNA damage-induced apoptosis.

Induction of p53, TAp73 and c-Abl by cisplatin was
attenuated in the p63 cKO ovaries compared with wild-type
and p63 cHet ovaries (Figures 6d and e, and inserts). In the
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Figure 3 Imatinib protects ovaries against detrimental effects of cisplatin. Subrenal grafting assay to assess the long-term effects of cisplatin and imatinib on the ovary.
Ovaries were cultured in vitro for 4 days and then grafted under the subrenal capsule of prepubertal (3-week-old) ovariectomized female C57BL/6j mice (four ovaries/group)
(see Supplementary Figure S2 for treatment schedule). Before grafting, ovaries from the cisplatin and cisplatin + imatinib groups were smaller compared with those of other
groups, though bright field microscopy revealed the presence of follicles in all groups. Two weeks after grafting, ovarian transplants significantly increased in size in all groups
except the cisplatin-treated group. Although traces of degraded tissue were observed in the cisplatin-treated group, no ovarian tissue was recovered. H&E staining showed
that all ovarian transplants in control, imatinib and cisplatin + imatinib groups contained primordial, primary, secondary and antral follicles (four ovaries/group). High power
images of primordial follicles in the cisplatin + imatinib group are shown in the inset (Scale bar = 25 um). For bright field and H&E images, scale bar = 100 xm; for kidney

images, scale bar=2mm

cisplatin-treated group, the percentage of primordial follicle
oocytes that were positive for TAp73 and c-Abl was
significantly lower in cKO than cHet ovaries (P<0.01 and
P<0.001, respectively). Although ANp63 was never detected
(Supplementary Figure S4 xi), we examined whether ANp63
was required for apoptosis of oocytes by generating mice, in
which ANp63 was specifically inactivated in oocytes. The
ANp63 cKO carried a floxed allele and a ANp63-enhanced
green fluorescent protein (EGFP) knock-in allele, in which the
first exon of ANp63 was replaced by EGFP, and thus, only the
TA isoform could be transcribed from this allele®”
(Supplementary Figure S3). Cisplatin-induced apoptosis of
oocytes in ANp63 cKO ovaries (Figure 6f), indicating that
ANp63 is dispensable for cisplatin-induced oocyte death.
Together, these observations demonstrate that the apoptosis
of oocytes is regulated by a signaling network involving all
three p53 family members and c-Abl, in which TAp63 acts as
the master regulator (Figure 7).

Discussion

Previously, Gonfloni et al® reported that cotreatment with
imatinib protects primordial follicles from cisplatin in P5 mice.
On the basis of their finding of a strong correlation between the

phosphorylation of TAp63 and the apoptosis of oocytes,
it was proposed that DNA damage-induced apoptosis of
oocytes via activation/phosphorylation of TAp63 by c-Abl and
that imatinib blocked apoptosis via inhibition of c-Abl.
However, the fertoprotective effect of imatinib against
cisplatin was questioned in another study by Kerr et al., and
remains controversial.”'® We recognize that there are subtle
differences in study designs including in vitro versus in vivo
treatment regiments, that platinum drugs and their activation
of the DNA repair pathways in the oocyte may differ from
pathways activated after treatment with doxorubicin or
cyclophosphamide or other agents. Our studies are focused
narrowly on the p63 pathway to specifically interrogate a linear
gene effector pathway involved in oocyte loss in response to
platinum adduct damage. This study, in partnership with the
others that have been published, create a new paradigm, in
which our twin goals of understanding oocyte biology and
mitigating iatrogenic damage, can be more effectively studied.

In the current study, we have confirmed the fertoprotective
effect of imatinib against cisplatin in primordial follicles,
utilizing a novel system of in vitro organ culture and subrenal
grafting. Through the conditional deletion of Trp63in oocytes,
we also established an essential role for TAp63 in the
apoptosis of oocytes induced by cisplatin. Surprisingly, and
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Figure 4 Imatinib blocks the apoptotic signaling pathway without affecting the
DNA damage response. (a) Immunofluorescent staining of Bax, caspase-3 (active
form), and PARP (cleaved form) (green) in control, cisplatin and cisplatin + imatinib-
treated groups after culturing for 48 h in vitro. All three proteins were present
in the cisplatin group, and their levels were reduced with imatinib treatment.
Inserts indicate small follicles including primordial follicles observed at 60x.
(b) Immunofluorescent staining of PtCG, pATM/ATR substrate and yH2AX (green)
in the control, cisplatin, and cisplatin -+ imatinib-treated groups after culturing for
48h in vitro. PtCG and yH2AX show punctate signals in oocyte nuclei. Imatinib did
not change the expression patterns of these two proteins or the expression of
pATM/ATR substrate. Scale bar =25 um. Blue = DAPI

perhaps important to the current controversy and future
studies, loss of TAp63 function attenuated the upregulation of
p53 and TAp73, as well as c-Abl, by cisplatin. This result
demonstrates the role of TAp63 as a master regulator of the
p53 family members in cisplatin-induced oocyte death
(Figure 7). In addition, we found that the gene dose of Trp63
correlates with the expression level of TAp63 and the
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sensitivity of oocytes to cisplatin (Figure 6b). Therefore, the
high and constitutive expression of TAp63 in oocytes within
dormant primordial follicles may explain why these follicles are
particularly sensitive to genotoxic insult. The expression
patterns of TAp73 and Bax suggest that TAp73 is the
immediate regulator of apoptotic signaling and that TAp63
activates apoptosis via TAp73 upregulation. In this model,
TAp63 is degraded after transactivation of its target genes.
While p53 is also upregulated by cisplatin in a TAp63-
dependent manner, its role in cisplatin-induced apoptosis
remains unclear. One possibility is that p53 and TAp73
redundantly activate transcription of Bax, which is a
well-established transcriptional target of p53°8 (Figure 7).

Although all three p53 family members are known
substrates of c-Abl kinase, it is not clear whether TAp73 and
TAp63 are direct targets of c-Abl, and whether c-Abl activity is
important for localization or stability of these proteins.
Imatinib-rescue of primordial follicles from cisplatin-induced
death also inhibited the upregulation of TAp73 and
downregulation of TAp63 seen with cisplatin treatment,
suggesting that these events are regulated by c-Abl activity
(Figure 7). Meanwhile, imatinib failed to block the upregulation
of p53 by cisplatin, which requires the function of TAp63.
Thus, we propose that TAp63 induces p53 independent of
c-Abl, whereas the upregulation/activation of TAp73 depends
on c-Abl kinase activity.

Recently, Kerr et al.?® reported that y-irradiation leads to
apoptosis of primordial follicles through the transcriptional
induction of Puma and Noxa by TAp63, and subsequent
activation of NOXA-BAX/BAK. Mice lacking Puma or both
Puma and Noxa were resistant to y-irradiation-induced oocyte
death, and produced healthy offspring. Furthermore, Puma was
a direct transcriptional target of TAp63. Thus, they concluded
that a signaling pathway of TAp63-Puma/Noxa-Bax/Bak was
involved in oocyte death after DNA damage. Here, our report
extends this molecular mechanism and suggests that TAp73 is
a mediator of this pathway between TAp63 and Bax/Bak
(Figure 7). In this context, TAp73 may directly regulate
transcription of Bax or indirectly activate BAX/BAK through
the activation of PUMA/NOXA or transcription of Puma/Noxa.
The signaling pathways involved in DNA damage-induced
oocyte apoptosis are emerging. Additional studies will clarify the
timing of events that can be manipulated to protect the
primordial follicle pool from genotoxic insult.

The three members of the mammalian p53 family evolved
from a common ancestral protein as a result of two gene
duplication events.®® This gene duplication allowed the
mammalian p53 family members to gain novel functions. For
example, ANp63, which is one of the isoforms encoded by the
Trp63 gene, is essential for development of a squamous
epithelial barrier.3"4®*2 Germ cell apoptosis, which was
originally regulated by a single ancestral p53 family protein,
appears to involve three paralogs in mammals. Interestingly,
the levels of p53 and TAp73 were significantly reduced in p63
cKO oocytes, indicating a signaling network that links all three
p53 family members within oocytes. Due to this mutual
regulation, the function of TAp63 cannot be studied indepen-
dently from those of p53 and TAp73. Prior works have shown
that p53 is dispensable for doxorubicin- and radiation-induced
apoptosis in oocytes.2>28 |n our study, p53 was coexpressed
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Figure 5 Regulation of c-Abl and p53 family members by cisplatin and imatinib. (a) In the control group i, iv, vii), most oocytes expressed only nuclear TAp63 (red) with
some p53 staining (green, inset in vii). Cisplatin treatment (ii, v, viii) induced c-Abl, TAp73 and p53 signals in oocytes (green), with c-Abl and TAp73 present in the oocyte
nuclei. With cisplatin treatment, the level of nuclear TAp63 was lower than in controls (red). In the cisplatin + imatinib group (iii, vi, ix), TAp63 levels were maintained in the
nuclei of oocytes (red) and TAp73 signal was attenuated and limited to the cytoplasm. DAPI (blue), c-Abl, TAp73 and p53 (green), TAp63 (red), and overlay (yellow). (b)
Percentage of primordial follicles with oocytes stained for c-Abl and TAp73 at 48 h was determined by counting positive- and negative- oocytes on DAB-stained sections (three
ovaries/group). Both c-Abl and TAp73 were essentially undetectable in the untreated control group. In the cisplatin-treated group, > 50% of primordial follicles were positive for
c-Abl and TAp73; <20% were positive in the cisplatin 4 imatinib-treated group. Bars indicate average number + S.D. (n = 3). ***P<0.001 for the comparisons indicated by
the brackets. (¢) Immunoblot analysis of nuclear TAp63, TAp73 and phosphpo-c-Abl levels. The expression of TAp63 in ovarian nuclear extract was upregulated within 30 min
after treatment with 20 i cisplatin and then downregulated at 90 min. TAp73 and p-c-Abl showed similar expression patterns as TAp63. Lamin A/C was used as a loading
control. (d) Differential expression of TAp63 (red) versus Bax, TAp73, and c-Abl (green) in the oocyte nucleus when the ovaries were cultured for 48 h with cisplatin in vitro.
Oocytes undergoing apoptosis (positive for Bax, i) were negative for TAp63 but retained expression of TAp73 (i) and c-Abl (iii), as indicated by the lack of yellow color in the
overlay

with either TAp63 or TAp73 in cisplatin-treated oocytes. and TAp73 suggest that the two proteins have unique roles in
Therefore, the dispensability of p53 in previous studies may oocyte death.

result from compensation by the other p53 family members. In Although the critical role for TAp63 in cisplatin-induced
contrast, the mutually exclusive expression patterns of TAp63 oocyte apoptosis has been established, neither the functional
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Figure 6 TAp63 is essential for cisplatin-induced oocyte death. (a) Immunofluorescence assay for oocyte markers MSY2 (cytoplasm, green) and TAp63 (nucleus, red)
confirmed the loss of TAp63 protein in oocytes in conditional knockout (cKO) ovaries at P5 when ovaries were cultured for 96 h. Blue = DAPI. In H&E-stained sections, small
follicles were mostly intact in p63 cKO ovaries, whereas substantial numbers of dead follicles were detected in p63 cHet ovaries treated with cisplatin. Scale bars = 25 um. (b)
The average number of primordial follicles per section was determined in p63 wild-type (n=4), cHet (n= 4) and cKO (n = 5) ovaries cultured with/without cisplatin. p63 cKO
ovaries contained significantly higher numbers of primordial follicles compared with those of wild-type and cHet ovaries in the control groups. The survival rate of primordial
follicles (average follicle number of the cisplatin group divided by that of the control group) was significantly higher in the following order: cKO (93.14% + 37.72) > cHet
(28.11% + 19.10) > wt (5.98% * 9.75). Bars indicate average number + S.D. **P<0.01, ***P< 0.001, n.s. = not significant for the comparisons indicated by the brackets. (c)
Expression of TAp63 in wild-type and p63 cHet mice. Immunofluorescence staining was performed to assess the expression level of TAp63 (red) by Trp63 copy number, using
different concentrations of anti-p63 antibody (4A4) from 1:50 to 1: 800. While oocytes of wild-type (Rosa™ * ; GDF9-iCre) mice showed a positive signal for TAp63 at 1 : 800,
the signal for TAp63 was undetectable at the same antibody concentration in cHet oocytes, indicating a lower expression level. (d) Induction of p53, TAp73 and c-Abl (green)
by cisplatin is TAp63-dependent. All panels show ovaries that were treated with cisplatin for 48 h. The induction of p53, TAp73 and c-Abl by cisplatin was notably reduced in
p63 cKO ovaries compared with in those of cHet ovaries, indicating that TAp63 function is essential for induction of p53, TAp73 and c-Abl in response to cisplatin. Allinserts are
representative images of primordial follicles with DAB staining for each protein. (e) Percentage of primordial follicles with oocytes stained for c-Abl and TAp73 at 48 h was
determined by counting positive and negative oocytes in cisplatin-treated ovaries on DAB-stained sections (three ovaries/group). p63 cKO showed positive signals for TAp73
and c-Abl in fewer than 5% of primordial follicles, whereas p63 cHet showed positive signals in ~ 30% of primordial follicles. Bars indicate average number + S.D. **P<0.01,
***P<0.001 for the comparisons indicated by the brackets. (f) Dispensability of ANp63 in cisplatin-induced oocyte death. ANp63 cKO ovaries were strongly positive for TAp63
(left panel; DAB staining with TAp63 on the control group), and sensitive for cisplatin-induced cell death of oocytes in primordial follicles (right panel; H&E staining on the
cisplatin group). Thus, ANp63 is not required for cisplatin-induced oocyte death

link between TAp63 and c-Abl in cisplatin-induced oocyte specificity is a concern because imatinib is a highly specific
death, nor the role of imatinib and c-Abl inhibition in preventing inhibitor of c-Kit, platelet-derived growth factor receptor, c-Abl
oocyte death has been elucidated. In this regard, reagent and v-Abl/Abl2, all of which are expressed in primordial and
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Figure 7 Model for oocyte death regulated by p53 family members. All three
p53 family members are involved in the apoptotic pathway in primordial follicle
oocytes, with TAp63 playing a central role. DNA damage by y-radiation activates
signaling pathways through TAp63, resulting in the induction of Puma and Noxa and
subsequent binding of PUMA and NOXA proteins to BAX/BAK as described in the
recent report by Kerr et al. (red lines).>® DNA damage by cisplatin also activates
TAp63, which results in upregulation of c-Abl. The kinase activity of c-Abl (green),
which can be inhibited by imatinib, induces TAp63-dependent expression of TAp73
and subsequent degradation of TAp63. c-Abl may also activate TAp73 via
phosphorylation; phospho-TAp73 then activates the apoptosis signaling pathway.
p53 may have a minor or non-essential role in the activation of the apoptosis
signaling pathway in response to cisplatin (shown as dotted line). The sequence of
this signaling pathway and the consequences on primordial oocyte survival is
profound and provides new insights into targets that may mitigate fertility loss in the
cancer setting
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primary follicles.****® However, because c-Abl was induced
by cisplatin in a TAp63-dependent manner, we hypothesize
that c-Abl is the target of imatinib in its fertoprotective effects
on primordial follicles (Figure 7). Further studies are needed to
identify the precise mechanism, through which imatinib exerts
its fertoprotective effect against cisplatin.

As demonstrated by kidney grafting experiments, oocytes
exposed to cisplatin are able to clear Pt-DNA adducts when
the apoptotic signal is transiently repressed by imatinib,
suggesting the feasibility of medically-based fertoprotection.
However, there are several hurdles to clear before moving this
new therapeutic approach to clinics. The biggest concern is
whether cotreatment with imatinib compromises the efficacy
of cisplatin on cancer, because activation of p53 or p73 by
c-Abl has been shown to have critical roles in apoptosis of
some cancer cell lines.*”~%° Further insight into the molecular
mechanism of cisplatin-induced apoptosis in oocytes and
cancer cells will be required to address this issue. A second
critical hurdle is whether imatinib preserves the quality of eggs

Imatinib inhibits p53 family-mediated oocyte death
S-Y Kimet al

exposed to cisplatin. Animal
that chemotherapies are mutagenic to female oocytes.
Therefore, the health of children born to women after cancer
treatment is a major concern. Nevertheless, women under-
going chemotherapy with adjuvant imatinib may still benefit
from preservation of endocrine function, even if the full
integrity of the oocyte genome is not maintained.%?
To determine the efficacy and safety of imatinib as a
fertoprotective therapeutic, further studies on the mechan-
isms underlying the effects of cisplatin and imatinib on the
oocyte are essential. Consequently, this report is an important
contribution to a new field of inquiry that examines
mechanisms for protecting fertility and reproductive health
from iatrogenic damage caused by cancer treatments.

studies have suggested
51,52

Materials and Methods

Animals. CD-1 mice were purchased from Harlan Laboratories (Madison, WI,
USA), and C57BL/6j, NSG, Rosa™#ACTB-@TomatoEGFF)Luo; ;54 a0 GDFY-iCre®®
mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). The
conditional alleles for Trp63 (p63 "™ and ANp63-EGFP knock-in mice®” have
been described previously. Rosa™#ACTE-dTomato-EGFPILU0, 1 GDF-iCre + mice
were used as a wild-type control for all conditional knockout experiments. All
procedures involving mice were approved by the Northwestern University Animal
Care and Use Committee. Mice were housed and bred in a barrier facility within
Northwestern University’s Center of Comparative Medicine (Chicago, IL, USA) and
were provided with food and water ad libitum. Temperature, humidity, and
photoperiod (14L : 10D) were kept constant.

For conditional knockout studies, oocyte-specific gene excision was monitored by
expression of EGFP from the ROSAT (Rosa™#ACTE-dTomato,£GFP)Lu ) 4 ja|e at the
time of ovary dissection (Supplementary Figure S3). The genotype was confirmed
by PCR of tail tissue as follows: the wild-type allele was detected with
F1 (5-AAGTGGCAGTGAGCAGAAC-3') and R1 (5'-ACAATTCCAGTCAAACA
TCAA-3') primers as a 300-bp product, and the floxed allele was detected with
F1 and R2 (5-TGAAAGATCCGGAACCCTTAATATA-3') primers as a 450-bp
product after 40 cycles of 94 °C for 5min, 94 °C for 155, 58 °C for 15, and 72 °C
for 30s.

Whole-ovary organ culture. The day of birth was counted as postnatal
day 0 (P0), and ovaries were collected from P5 neonatal mice. Ovaries were
rinsed in L15 medium containing penicillin-streptomycin and 10% FBS and placed
on a 0.4 um pore Millicell insert (PICM03050, EMD Millipore Co, Billerica, MA,
USA) in a six-well plate with culture medium: MEM medium supplemented with
1 mg/ml bovine fetuin (Sigma-Aldrich, St. Louis, MO, USA), 5 pg/ml insulin, 5 ug/
ml transferrin, 5ng/ml selenium (Sigma-Aldrich), 30mg/10ml Albumin bovine
(103700, MP Biomedicals, LLC., Solon, OH, USA) and 10 mlU/ml rhFSH (Sigma-
Aldrich). Cisplatin (P4394, Sigma-Aldrich) and imatinib (PD-180970, Sigma-
Aldrich) were prepared fresh as concentrated 100 x stock in PBS and H,0,
respectively, and added to the medium to the final concentration. The surface of
the ovary was covered with a drop of the culture medium and then cultured at
37°C under 5% CO,. The medium was changed every 48h. Ovaries were
harvested after culture for 48 h or 96 h and processed for histologic analysis.

Subrenal grafting. Subrenal grafting of mouse ovaries has been reported
previously.2* In this study, the inbred C57BL/6j mouse strain was used for isogenic
grafting. Ovaries in the cisplatin and cisplatin + imatinib groups were exposed to
cisplatin-containing medium for the first 24 h and then either no drug or imatinib in
order to allow repair the cisplatin-mediated DNA damage (Supplementary
Figure S2). After 96h of organ culture, the ovaries were rinsed twice with PBS
and then transplanted under the subrenal capsule of a 3-week-old C57BL/6j female
host. All hosts were ovariectomized (OVX) at the time of grafting to remove the
effect of endogenous ovaries. One ovary from each of the four groups (control,
cisplatin, imatinib, cisplatin + imatinib) was grafted into one host (two ovaries/
kidney). Hosts were euthanized 14 days after grafting to collect ovarian transplants.

Immunoblot analysis. Nuclear and cytoplasmic extracts were prepared
using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher
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Scientific Inc., Waltham, MA, USA) according to the manufacturer’s instructions.
P5 mouse ovaries were homogenized with a minipestle in ice-cold lysis buffer and
loaded with equal amounts of nuclear extracts into NUPAGE 4-12% gradient
Bis-Tris precast SDS-PAGE gel and transferred to a nitrocellulose membrane (Life
Technologies, Carlsbad, CA, USA). Primary antibodies used for immunoblotting
were as follows: TAp63 (4A4) (sc-8431, Santa Cruz, CA, USA); TAp73 (A300-
126A, Bethyl Laboratories Inc., Montgomery, TX, USA); p-c-Abl (ab4717, Abcam,
Cambridge, MA, USA); and Lamin A/C (no. 2032, Cell Signaling Technology,
Danvers, MA, USA). ECL Prime (89168-782, GE Healthcare Biosciences,
Pittsburgh, PA, USA) was used for immunoblotted protein detection by The
FluorChem HD Imaging System (Alpha Innotech Co, Johannesberg, Gauteng,
South Africa).

Histology. Mouse ovaries were fixed with Modified Davison’s fixative (Electron
Microscopy Science Inc.) for 24 h at 4 °C and then processed and embedded in
paraffin. H&E staining was performed using standard methods. Immunofluores-
cence staining (IF) and 3,3'-Diaminobenzidine (DAB) staining were performed and
visualized as previously described.®*>” Primary antibodies used for IF or DAB
staining were as follows: MSY2 (gift from R. Schultz, University of Pennsylvania);
TAp63 (gift from Dr. Satrajit Sinha, the State University of New York at Buffalo),”®
p63 (4A4) (sc-8431), p53 (sc-6243) and c-Abl (sc-131) from Santa Cruz
Biotechnology Inc. (Santa Cruz); PtCG (MAB R-C18, ONCOLYZE, Germany);
phospho-ATM/ATR substrate (no. 2851) and cPARP (no. 9544) from Cell signaling
Technology; yH2AX (05-636), Bax (Ab-1, pc66) and ANp73 (OP-181)%° from EMD
Millipore; active caspase-3 (557035, BD Biosciences, San Jose, CA, USA); and
TAp73 (A300-126A, Bethyl Laboratories Inc., Montgomery, TX, USA).% The
specificity of IF signals was tested by the absence of signals in the negative
control, in which the primary antibody was omitted. For IF detection of c-Abl, p53
and TAp73, signals were amplified using the TSA detection kit (Life Technologies).
For DAB staining, the DAB Peroxidase Substrate Kit (SK-4100, Vector,
Burlingame, CA, USA) was used.

Follicle counting and statistical analysis. The entire ovary was
sectioned at 5 um thickness, and follicles were counted in every 5th section as
described previously.® Positive oocytes from DAB staining with c-Abl and TAp73
antibodies were counted (n = 3/treatment). Al statistical analyses (two-way ANOVA)
were performed using the software Prism 4.0 (GraphPad Software, San Diego, CA,
USA). A difference was considered to be significant if the P-value was<0.05.
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