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Abstract

Purpose Genotoxic chemotherapy and radiotherapy can cause DNA double stranded breaks (DSBs) in primordial follicle (PMF)
oocytes, which then undergo apoptosis. The development of effective new fertility preservation agents has been hampered, in
part, by a limited understanding of DNA repair in PMF oocytes. This study investigated the induction of classical DSB repair
pathways in the follicles of wild type (WT) and apoptosis-deficient Puma™ mice in response to DSBs caused by the chemo-
therapy agent cisplatin.

Methods Adult C57BL/6 WT and Puma’™ mice were injected i.p. with saline or cisplatin (5 mg/kg); ovaries were harvested at 8
or 24 h. Follicles were counted, and H2A histone family member (YH2AX) immunofluorescence used to demonstrate DSBs.
DNA repair protein RAD51 homolog 1 (RADS51) and DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) immuno-
fluorescence were used to identify DNA repair pathways utilised.

Results Puma™ mice retained 100% of follicles 24 h after cisplatin treatment. Eight hours post-treatment, YH2AX immunoflu-
orescence showed DSBs across follicular stages in Puma™ mice; staining returned to control levels in PMFs within 5 days,
suggesting repair of PMF oocytes in this window. RADS51 immunofluorescence eight hours post-cisplatin was positive in
damaged cell types in both WT and Puma’™ mice, demonstrating induction of the homologous recombination pathway. In
contrast, DNA-PKcs staining were rarely observed in PMFs, indicating non-homologous end joining plays an insignificant role.
Conclusion PMF oocytes are able to conduct high-fidelity repair of DNA damage accumulated during chemotherapy. Therefore,
apoptosis inhibition presents a viable strategy for fertility preservation in women undergoing treatment.
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Introduction

Whilst modern cancer treatment regimens have resulted in a
rapid rise in survivorship rates, curative treatments have well-
documented off-target effects resulting in unwanted effects for
survivors [1, 2]. In women, DNA-damaging treatments such
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as conventional chemotherapy and radiotherapy for common
cancers deplete the ovarian reserve of primordial follicles,
reducing fertility and increasing premature or early meno-
pause with multisystem adverse effects beyond reproductive
capacity [3]. Cancer treatment is now the commonest cause of
acquired premature ovarian insufficiency [4, 5]. Accordingly,
oncofertility has emerged as a new field of clinical practice
and research, with the goals of improving reproductive and
fertility outcomes following cancer treatment. Despite this,
there are currently no effective non-invasive approaches to
prevent treatment-induced ovarian damage.

Female fertile potential is dependent on the pool of primor-
dial follicles. These structures comprise one immature oocyte,
encased within a single layer of pre-granulosa cells. The pop-
ulation of primordial follicles established during prenatal life
forms the pool from which all mature hormone-producing
follicles are drawn and from which mature oocytes are
ovulated [6, 7]. During the female reproductive lifespan, the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-021-02184-3&domain=pdf
http://orcid.org/0000-0002-5111-8389
mailto:karla.hutt@monash.edu

1406

J Assist Reprod Genet (2021) 38:1405-1417

number of these primordial follicles declines as they are acti-
vated to commence growth, resume meiosis, mature, and are
eventually ovulated—or as is more common, undergo atresia
and die. Exhaustion of the primordial follicle pool results in
age-related infertility and, subsequently, menopause [8, 9].
Thus, the number and quality of primordial follicles present
is critically important for female fertility and ovarian endo-
crine function.

Primordial follicle oocytes are unique in that they exist in a
state of meiotic arrest and can remain quiescent for many
years in women prior to recruitment into the growing follicle
pool. This extreme longevity combined with their arrested
state results in particular sensitivity to genotoxic stress, endog-
enous or exogenous. It is therefore crucial that genomic integ-
rity is maintained, with rigorous surveillance leading to the
detection and repair of DNA damage, or the elimination of
damaged oocytes by apoptosis [10]. Because these primordial
follicles are irreplaceable, interventions to prevent damage
and loss and/or enhancement of DNA repair have been the
subject of intense interest.

Many conventional chemotherapies commonly used in fe-
males for cancers such as breast, haematological, and solid
organ malignancies exert their anti-cancer actions through in-
terference with DNA, causing both a therapeutic effect in can-
cer cells and off-target effects in healthy tissues. Of the several
types of DNA damage, double-stranded breaks (DSBs) are the
most deleterious, and undetected or unrepaired DSBs can re-
sult in chromosome breaks, deletions, translocations, and
point mutations [11]. The quality of DSB repair is also critical
to the outcome of the damaged cell; poor quality repair can
lead to genomic instability or cell death. The extreme longev-
ity of primordial follicle oocytes makes them vulnerable to the
accumulation of DSBs, both as a result of the normal ageing
process [12, 13] and due to exogenous stressors such as cancer
treatment [10, 14-16]. Indeed, karyotypic studies of human
oocytes [12, 17], and karyotypic and microarray analyses of
carly miscarriages [18-21], have shown significant rates of
chromosomal aberrations, supporting this notion of vulnera-
bility over extended periods of meiotic arrest. However, it
remains unclear whether sensitivity of primordial follicles to
DNA damage is due to a reduced threshold for triggering
apoptosis, insufficient DNA repair capacity, or both.

The repair of DNA DSBs in somatic cells has been well-
characterised, with homologous recombination (HR) and non-
homologous end joining (NHEJ) the two main pathways in-
volved. Identification of which pathway(s) is activated follow-
ing DNA DSBs in oocytes is particularly important because of
the risk of transmitting germline mutations to future genera-
tions of offspring. In somatic cells, the initial event after the
generation of DNA DSBs is the phosphorylation of YH2AX
by ATM kinase, leading to the recruitment and targeting of
repair factors [22]. From here, the HR pathway utilises the
sister chromatid as a DNA template for accurate error-free
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repair, involving the action of DNA polymerases, nucleases,
helicases and ligases. One protein critical to this process is
RADS1, which is involved in locating and invading the ho-
mologous intact chromatid, DNA pairing, and then strand
exchange [23]. This requirement of a sister chromatid to act
as template, however, restricts HR to the S and G2 phases of
the cell cycle. By contrast, NHEJ culminates in the two broken
ends of the DNA DSB being ligated after the removal of
ssDNA (single stranded DNA) overhangs at the break site
and is thus error-prone. However, it is functional in any phase
of the cell cycle. The catalytic sub-unit of DNA-dependent
protein kinase (DNA-PKcs) is an essential protein involved
in binding the broken ends prior to ligation and provides a
marker for detecting the induction of NHEJ [24]. Whilst the
“decision-making” mechanisms involved in directing dam-
aged somatic cells toward HR or NHE] are still under inves-
tigation, it is likely that HR constitutes the predominating
pathway in oocytes, given that sister chromatids are present
[25]. Indeed, HR repair factors, RADS51, BRCAI1, and
BRCA2 have been localised within PMF oocytes in mice
[13,26], and heterozygous deletion of BRCA1 has been found
to impair fertility in mice [13].

In recent years, prevention of oocyte apoptosis has
emerged as a promising strategy to ameliorate cancer
treatment-induced primordial follicle loss and has been stud-
ied in mice following both +y-irradiation and chemotherapy
[27-31]. We have previously shown that elimination of the
powerful pro-apoptotic BH3-only protein, PUMA, results in
complete preservation of the ovarian reserve in mice follow-
ing single-dose treatment with cisplatin or cyclophosphamide,
two chemotherapeutic agents which exert cell damage by
causing DNA DSBs. Moreover, long-term fertility trials con-
ducted in that study demonstrated that Puma™" females treated
with either drug had normal fertility outcomes and apparently
normal offspring [30]. Subsequently, we have demonstrated
that it is indeed the primordial follicle oocyte which is the
primary target of DNA damage induced by these drugs [32].
Critically, it has recently been shown that PMF oocytes are
indeed highly capable of functionally efficient DNA repair in
response to DNA damage caused by <y-irradiation and that
genetic fidelity is not compromised [33]. However, the ques-
tion of whether oocytes rescued from apoptosis after chemo-
therapy are capable of similarly error-free repair has not been
examined; given that chemotherapy is used far more widely in
clinical practice, this question must be answered prior to the
pursuit of apoptosis prevention as a means of fertility preser-
vation in a clinical oncology setting.

The current study aimed to address these knowledge gaps
by examining DNA repair in primordial follicle oocytes fol-
lowing cisplatin treatment in both wild type and Puma™ mice.
Specifically, we aimed to determine which of the classical
DNA DSB repair pathways, HR and/or NHE], is preferential-
ly utilised in the PMF oocyte after the generation of
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chemotherapy-induced DSBs. We have previously shown that
elimination of PUMA results in survival of the ovarian reserve
in its entirety and preserves fertility [30]. Therefore, it was
essential to elucidate whether DNA repair conducted within
PMF oocytes of Puma’™ mice would be of sufficient quality to
prevent the transmission of mutations to future generations—a
critical question in determining whether apoptosis inhibition is
indeed a feasible means of ovarian protection. In this study we
demonstrate that oocytes of Puma™™ mice, like those of wild-
type mice, incur DNA DSBs in response to cisplatin. Thus,
this genetic knock-out mouse model provides the ideal back-
drop for the investigation of DNA repair in PMF oocytes,
demonstrating that inhibition of PUMA represents a viable
approach to female fertility preservation during cancer
treatment.

Materials and methods
Mice

C57BL/6 mice were housed in a photo-controlled animal fa-
cility with a 12-h light/dark cycle and given free access to
commercial feed (Barastoc, Melbourne, Australia) and water.
The generation and genotyping of Puma™™ mice on a C57BL/6
background has been described in detail previously [34]. All
animal experiments and procedures were carried out in accor-
dance with the NHMRC Australian Code of Practice for the
Care and Use of Animals and approved by the Monash
University School of Biomedical Sciences (MARP/2017/
077) and the Monash Medical Centre Animal Ethics
(MMCB/2014/13) Committees.

Injection of mice

Post-natal day 50 wild type (WT) and Puma”" female mice
received a single intraperitoneal (i.p.) injection of saline or
cisplatin (5 mg/kg) (Pfizer, New York, NY, USA) (N =
3/treatment/genotype/timepoint); the cisplatin dose was based
on our previous work and on doses commonly used in for the
treatment of tumours in mouse studies [32, 35, 36]. Mice were
culled by cervical dislocation 8 h, 24 h or 5 days after treat-
ment; one ovary from each mouse was fixed in Bouin’s solu-
tion and the contralateral ovary in 10% neutral buffered
formalin.

Follicular quantification

Bouin’s-fixed ovaries were processed through ethanol and
embedded in glycomethacrylate, after which they were cut
into 20 pum sections, stained with periodic acid-Schiff, and
counterstained with Mayer’s haematoxylin. Stereology was
used to quantify primordial, transitional and primary follicles,

using the 100x oil immersion objective on an Olympus BX50
microscope (Tokyo, Japan) equipped with an Autoscan stage
(Autoscan Systems Pty Ltd, Melbourne, Victoria, Australia)
in conjunction with the Stereolnvestigator sterecological sys-
tem (Version 11.06.02, MBF Bioscience 2015,
MicroBrightField Inc, Williston, VT, USA). Every 6th section
was evaluated and the stereological methods used have previ-
ously been described in detail [37]. Secondary, antral, and
atretic follicles were quantified using light microscopy to eval-
uate every 9th section, and then the number was multiplied by
a factor of 9 to obtain an estimated total count per ovary, and
then again by 2 to obtain an estimation per animal. Follicles
were classified histologically by developmental stage as pre-
viously described [30].

Immunofluorescence

YH2AX staining was used to mark DNA double-stranded
breaks; RADS1 was used to the detect induction of homolo-
gous recombination DNA repair; DNA-PKcs was used to
identify the induction of non-homologous end-joining DNA
repair; c-Kit was used to stain oocytes of primordial, transi-
tional, and primary follicles to aid in their identification.
Ovaries fixed in 10% neutral buffered formalin overnight,
were processed in ethanol, embedded in paraffin and serially
sectioned at 5—um intervals. Three to five slides (4 sections
per slide) were selected to represent the middle and edges of
the ovary, and a total of 6-8 sections per ovary were exam-
ined. Sections were deparaffinised and rehydrated and then
subjected to microwave antigen retrieval in sodium citrate
buffer (pH 6) for 10 min. Following cooling to room temper-
ature, sections were blocked with 10% donkey serum at room
temperature for 1 h and then incubated at 4 °C with primary
antibody. Primary antibodies were diluted in 10% donkey
serum, and concentrations used were as follows: rabbit
YH2AX antibody (ab22551, Abcam, Cambridge, UK; and
97185, Cell Signalling Technology, Danvers, MA, USA) at
1:500; rabbit antibody RADS51 (ab133534, Abcam,
Cambridge, UK) at 1:500; and rabbit DNA-PKcs antibody
(ab18192, Abcam, Cambridge, UK) at 1:500; all sections
were co-stained with goat c-Kit antibody (af1356, Novus
Biologicals, Centennial, CO, USA) at 1:500. After washing
with Tris-NaCl-Tween (TNT) buffer (all washes performed at
room temperature), sections were incubated with donkey anti-
rabbit 568 at 1:500 (A10042, Life Technologies, Carlsbad,
CA, USA) and donkey anti-goat Alexa 488 at 1:500
(A11055, Life Technologies, Carlsbad, CA, USA) for 1 h at
room temperature, washed again in TNT buffer, incubated
with DAPI (SK203, Agilent DAKO, Santa Clara, CA, USA)
for 10 min at room temperature, washed again in TNT buffer,
and then mounted with FluorSave Reagent (345789, EMD
Millipore Corp, Burlington, MA, USA). Slides were visual-
ized with confocal microscopy, using the 40x objective on a

@ Springer



1408

J Assist Reprod Genet (2021) 38:1405-1417

Nikon Eclipse 90i microscope (Nikon Corp, Tokyo, Japan);
images were processed using FIJI software (National
Institutes of Health, New York, NY, USA). Oocytes were
considered to be YH2AX-positive if three or more punctate
foci were present (Suh ef al., 2006); positive granulosa and/or
theca cells were also recorded, and the follicle as a whole was
considered to be positive if any cells within it were positive;
follicles were considered negative if no positive cells were
seen (Fig. S1). Percentages of follicles staining positively for
YH2AX were calculated by dividing the number of YH2AX-
positive follicles by the total number of follicles (in a given
follicular stage) and multiplying by 100 for each individual
animal. Subanalyses of YH2AX-positive follicles to identify
cell targets were conducted by pooling absolute counts of
follicles, stratified by cell type affected and expressing this
as a percentage of the total number of YH2AX-positive folli-
cles of that follicular stage. The same methods were applied
for the quantification and subanalyses of RADS51- and DNA-
PKcs-positive follicles.

Statistical analysis

Data are shown as mean + SEM, and statistical analysis was
undertaken using GraphPad Prism 8.0 (GraphPad Software
Inc, La Jolla, CA, USA). Comparisons were made using un-
paired Student’s ¢ test with statistical significance set at P <
0.05.

Results

The ovarian reserve is maintained 24 hours after
cisplatin treatment in PUMA-deficient mice

It has previously been shown that the cisplatin administration
protocol used in this study results in an 83% reduction in PMF
numbers of WT mice and a net decrease in follicle numbers
across all stages, 24 h after injection [32], but that Puma™"
mice retain all of their PMFs when assessed 5 days after treat-
ment [30]. To confirm that elimination of PUMA indeed pro-
tects follicles from cisplatin treatment, stereologic enumera-
tion of primordial follicles was undertaken in Puma™ females,
24 h following cisplatin treatment. In keeping with previous
studies of Puma”" mice given this dose of cisplatin, no deple-
tion of primordial follicles was seen (Fig. 1a). A statistically
significant increase in the number of transitional follicles was
observed after cisplatin exposure (Fig. 1b, P < 0.05), however
no difference was detected in follicles of the primary (Fig. 1¢),
secondary (Fig. 1d) or antral (Fig. 1e) classes; likewise, there
was no change in the number of atretic secondary and antral
follicles (Fig. 11).
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Double-stranded DNA breaks are detected in follicles
of all stages within 8 h of cisplatin treatment in
Puma™ mice

YH2AX immunofluorescence in formalin-fixed sections was
used to detect DNA DSBs in ovarian follicles of Puma™ mice,
8 h, 24 h, and 5 days following cisplatin treatment. Firstly, the
magnitude of DNA damage sustained in each follicular class
was assessed by identifying and counting YH2AX-positive
follicles and expressing this count as a percentage of the total
number of follicles of that class. In cisplatin-treated Puma™
mice at 8 h, 53.4% of primordial follicles stained positively for
YH2AX (vs 8 h-saline, 3.3%, P < 0.01; Fig. 2a). The percent-
age of YH2AX-positive follicles increased with advancing
follicular stage, with cisplatin treatment inducing YH2AX
positivity in 100% of primary (vs 8 h-saline, 76.7%, P <
0.001; Fig. 2a) and secondary follicles (vs 8 h-saline, 51.9%,
P < 0.01; Fig. 2a).Trends towards increased YH2AX positiv-
ity in Puma’” mice treated with cisplatin were also observed in
transitional and antral follicles, although these did not reach
statistical significance (Fig. 2a). Notably, whilst a proportion
of YH2AX-positive secondary and antral follicles were iden-
tified in saline controls, these appeared qualitatively different
from cisplatin-treated YH2AX-positive follicles of the same
class; those from cisplatin-treated mice displayed visibly
higher proportions of positively staining granulosa cells
(Fig. S2a and b).

24 hours following cisplatin treatment, 44.9% of primordi-
al follicles were YH2AX positive, significantly higher than
saline controls (vs 24 h-saline, 4.9%, P < 0.05; Fig. 2b).
Higher proportions of YH2A X-positive follicles were also ob-
served in the growing follicle pool, including 72.6% of tran-
sitional (vs 24 h-saline, 11.1%, P < 0.05; Fig. 2b) and 100% of
secondary (vs. 24 h-saline, 32.6%, P < 0.05; Fig. 2b) follicles.
Trends towards increased YH2AX-positivity were also ob-
served in primary and antral classes, although these did not
reach statistical significance.

At 5 days after cisplatin treatment, the proportion of
YH2AX-positive primordial and transitional follicles was ob-
served to fall to control levels (vs 5d-saline, Fig. 2¢). Whilst a
trend toward persistently increased YH2A X positivity was still
observed in primary and secondary follicles, these did not
reach statistical significance; a significantly higher proportion
of antral follicles in cisplatin-treated mice persisted at this
timepoint (5d-cisplatin, 100% vs 5d-saline, 30.5%, P < 0.05;
Fig. 2¢).

Cisplatin induces double-stranded DNA breaks in 0o-
cytes of Puma™ small follicles, but predominantly
within somatic cells of Puma™ large follicles

vH2AX-positive follicles in Puma”™ mice were then further
examined to determine the cell type primarily affected within
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the follicle. Whilst statistical analysis was not possible due to
smaller numbers of follicles in transitional, primary, second-
ary, and antral classes, visualisation by confocal microscopy
revealed that cisplatin treatment resulted in punctate YH2AX
staining indicative of double-stranded breaks within only the
oocytes of primordial and transitional follicles, but this shifted
towards a predominance of somatic cell staining (granulosa
and theca cells) in secondary and antral follicles (Fig. 3a).
These observations were quantified across all treatment
timepoints, by classifying visualised follicles as oocyte-posi-
tive, somatic-cell positive, or both oocyte- and somatic-cell
positive, then expressing this number as a proportion of the
total number of YH2AX-positive follicles in each respective
follicular class. Eight hours following treatment, primordial
and transitional follicles of both saline (Fig. 3b, 1) and cisplatin
(Fig. 3b, ii) groups showed YH2AX staining in oocytes only.
Oocyte staining remained predominant in primary follicles
(Fig. 3b), but the staining pattern underwent a shift at this

stage, when somatic cell staining rose in both 8-h saline and
8-h cisplatin groups, with staining of both oocyte and somatic
cells universally seen in secondary and antral follicles of 8-h
cisplatin mice (Fig. 3D, ii).

24 hours after treatment with either saline or cisplatin,
oocyte-only staining continued to predominate in primordial,
transitional, and primary follicles of both treatment groups
(Fig. 3c, 1 and ii). In secondary follicles 24 hours after saline
treatment, somatic cell-only staining was mostly seen, whilst
in the antral class, approximately even proportions of oocyte-
only, somatic cell-only and both oocyte- and somatic-cell
staining were observed (Fig. 3c, 1). By contrast, mice injected
with cisplatin 24 h prior, in which higher proportions of
YH2AX-positive secondary and antral follicles had been seen
(Fig. 2b), showed predominance of somatic cell-only staining
in these follicle classes (Fig. 3c, ii).

Similar YH2AX staining patterns persisted in the follicles
of' mice evaluated 5 days after injection with saline or cisplatin
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Fig. 2 yH2AX-positive follicles by follicular stage and treatment group
in Puma’™ mice. Following treatment with saline or cisplatin (cisplat),
YH2AX-positive follicles were counted, and expressed as a percentage
of the total follicles seen in each respective follicular stage. This was
performed at three time-points post-treatment: 8 h (a), 24 h (b), and 5
days (c). Data are expressed as mean percentage + SEM; *P < 0.05, **P <
0.01, ***P < 0.001 (Student’s unpaired ¢ test)

(Fig. 3d). Again, oocyte-only staining predominated in pri-
mordial, transitional, and primary follicles in both saline-
(Fig. 3d, 1) and cisplatin-treated (Fig. 3d, ii) groups, whilst
cisplatin-treated mice, in which larger numbers of positively
staining antral follicles had been seen (Fig. 2c) had higher
proportions of somatic cell-only YH2AX staining observed
in secondary and antral follicles (Fig. 3d, ii).

Cisplatin treatment leads to the induction of the
classical homologous recombination pathway in
follicles of all stages

Next, RAD51 immunofluorescence was used to assess the

degree to which the homologous recombination DNA repair
pathway is employed following DNA double-stranded breaks,
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in follicles of all stages. Since the highest proportion of
YH2AX-positive primordial follicles was observed in Puma’
" mice at the 8 h time-point (Fig. 2a), this time-point was also
used to examine RADS]1 staining patterns.

Because the induction of DNA repair pathways in normal
primordial follicle oocytes has not been characterised before,
WT mice were included in all experiments examining these
pathways and compared with the response in Puma’mice.
Firstly, in order to examine the role of homologous recombi-
nation in PMF oocyte repair, RAD51-positive follicles were
quantified in WT mice, 8 h after saline or cisplatin injection.
Following cisplatin administration, a significant increase was
observed in the percentage of RADS1-positive primordial
(WT-cisplatin, 25.0% vs WT-saline, 0%, P < 0.01; Fig. 4a),
primary (WT-cisplatin, 49.8.0% vs WT-saline, 6.3%, P <
0.05; Fig. 4a), secondary (WT-cisplatin, 100.0% vs WT-sa-
line, 16.7%, P < 0.01; Fig. 4a), and antral follicles (WT-cis-
platin, 100.0% vs WT-saline, 12.5%, P < 0.01; Fig. 4a). No
significant difference was seen in the transitional follicle class.

In comparison, very high proportions of RADS51-positive
follicles were seen across all stages in Puma’™ mice 8 h after
cisplatin therapy, in which all follicles were rescued (Fig. 1);
81.4% of primordial follicles (vs Puma” “-saline, 4.6%, P <0.01,
Fig. 4b), 82.5% of transitional follicles (vs Puma’ “-saline, 0%,
P < 0.01) and 100% of primary follicles (vs Puma™-saline,
16.7%, P<0.01). Interestingly, high proportions of secondary
and antral follicles were RADS51-positive in the saline-treated
Puma’™ mice, with no statistically significant difference seen
between cisplatin- and saline-treated animals in follicles of
these classes (Puma-cisplatin secondary follicles, 100%, vs
Puma’"-saline secondary follicles, 75%; Puma™-cisplatin antral
follicles, 100% vs Puma”-saline antral follicles, 100%). This
observation is consistent with higher proportions of YH2AX-
positive follicles of these classes in the saline-treated Puma”
animals at the same timepoint (Fig. 2a).

The homologous recombination DNA repair pathway
is activated at sites of DNA double-strand breaks in
follicles of all stages following cisplatin treatment

RADS51-positive follicles were further analysed to assess the
cell types predominantly affected at each follicular stage.
Similar to the YH2AX staining pattern described earlier, con-
focal microscopy demonstrated punctate RADS1 staining in
the oocytes of primordial, transitional and primary follicles,
but predominantly within the somatic cells of secondary and
antral follicles (Fig. 5a). When this observation was quantified,
in RADS51-positive follicles of saline-treated WT mice, only
oocytes stained positively in primordial, transitional, and pri-
mary follicles, and only somatic cell staining was seen in sec-
ondary and antral follicles (Fig. 5b, i). A similar pattern was
seen in RADS51-positive follicles of WT mice treated with cis-
platin, with only oocytes staining positively in primordial and
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Fig. 3 yH2AX staining in
follicles by follicular stage and
treatment group in Puma’” mice.
YH2AX-stained follicles of all
stages were visualised by confo-
cal microscopy at 8 hours, 24
hours, and 5 days following
treatment with saline or cisplatin
(cisplat). Red = YH2AX; green =
c-Kit; blue = DAPIL
Representative images of posi-
tively staining primordial, transi-
tional, primary, secondary, and
antral follicles at 8 hours follow-
ing cisplatin treatment (a). Scale
bars = 10 um (primordial, transi-
tional, primary follicles); 50 um
(secondary); 100 um (antral).
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transitional follicles, mixed staining in a majority of primary
follicles, and somatic cell-only staining predominating at the
secondary and antral follicle stages (Fig. 5b, ii).

Similarly, in Puma”™ mice, RAD51 staining was seen only
in the oocytes of primordial and transitional follicles of saline-
treated animals; both oocyte and somatic cell staining was
observed in primary follicles, and then somatic cell-only stain-
ing predominated in secondary and antral follicles (Fig. Sc, 1).
Similarly, in Puma™ cisplatin-treated mice, only oocytes of
primordial and transitional follicles stained positively for
RADSI1, with oocyte-only staining predominating at the pri-
mary stage, then somatic cell-only staining predominating in
secondary and antral follicles (Fig. 5c, ii).

Overall, the patterns of RADS51 staining seen in both treat-
ment groups of both genotypes suggest that homologous re-
combination is activated at sites of DNA DSBs.

Puma™ saline 24h yH2AX-positive cell type

== Oocyte only

ii
Puma™ cisplatin 24h yH2AX-positive cell type

100 —
* I
50
2!
o

B

o

The non-homologous end-joining pathway is seldom
employed in primordial follicles following cisplatin
treatment

In order to assess the degree to which NHEJ is activated follow-
ing cisplatin-induced DNA DSBs, DNA-PKcs immunofluores-
cence was performed in ovaries harvested 8 h after treatment
with saline or cisplatin. Visualisation and quantification of
DNA-PKcs-positive follicles revealed only very small numbers
of positively staining primordial and transitional follicles (Fig.
S3a; Figure 6a and b). In WT animals treated with saline, no
positive follicles were seen; in contrast, in cisplatin-treated WT
mice, whilst only 7.3% (vs WT-saline, 0%, P < 0.0001) and
16.7% (vs WT-saline, 0%, P < 0.0001) of primordial and tran-
sitional follicles, respectively, stained positively for DNA-PKcs,
higher proportions were seen in the primary (WT-cisplatin,
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Fig. 4 RADS51-positive follicles by follicular stage and treatment group
in WT and Puma™ mice. Eight hours following treatment with saline or
cisplatin (cisplat), RAD51-positive follicles were counted, and expressed
as a percentage of the total follicles seen in each respective follicular
stage. This was performed in WT mice (a) and Puma™ mice (b). Data
are expressed as mean percentage + SEM; P < 0.05, **P < 0.01
(Student’s unpaired ¢ test)

67.5% vs WT-saline, 0%, P <0.0001), secondary (WT-cisplatin,
77.8%, vs WT-saline, P < 0.0001), and antral (WT-cisplatin
100% vs WT-saline, 0%) follicle classes.

Similarly, in Puma’” mice treated with saline, no DNA-PKcs
staining was seen in any follicle class (Fig. 6b). In the cisplatin-
treated Puma™” group, a very small number of positively stain-
ing primordial (Puma'/ “-cisplatin, 5.7% vs Puma'/'-saline, 0%,
P < 0.0001) and primary follicles (Puma™"-cisplatin, 7.4% vs
Puma’ “-saline, 0%, P < 0.0001) was seen; no staining was seen
in transitional follicles; in contrast, large proportions of second-
ary (Puma”-cisplatin, 73.0% vs Puma -saline, 0%, P <
0.0001) and antral (Puma™"-cisplatin, 83.3% vs Puma™"-saline,
0%, P < 0.0001) stained positively for DNA-PKcs (Fig. 6b).

Confocal visualisation showed that in larger follicles stain-
ing positively for DNA-PKcs, only somatic cells stained posi-
tively (Fig. S3a); numbers of positive primordial and transition-
al follicles were too small for meaningful analysis (Fig. 6a, b;
Fig. S3b, ¢).

Overall, these results show that the NHEJ pathway is sel-
dom employed by primordial follicles after DNA DSBs in-
duced by cisplatin treatment.

Discussion

It is well established that primordial follicle oocytes incur
DNA DSBs during genotoxic cancer treatment (Gonfloni
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et al., 2009, Livera et al., 2008, Nguyen et al., 2019, Oktem
and Oktay, 2007, Suh et al., 2006). We have previously dem-
onstrated that this direct damage and subsequent apoptosis is
the primary mechanism by which the ovarian reserve is de-
pleted following genotoxic chemotherapy (Nguyen et al.,
2019). Therefore, novel pharmacological strategies should
be aimed either at preventing apoptosis or enhancing DNA
repair in PMF oocytes. Accordingly, proposed avenues of
exploration for future fertility preservation have included in-
hibition of apoptosis [27, 29-31, 38-50], and enhancement of
DNA repair pathways or prevention of damage [51]. A recent
study by conducted by Stringer ef al. used Tap63” mice to
demonstrate that in the absence of apoptosis, PMF oocytes
utilise the homologous recombination pathway to conduct
highly effective DNA repair in response to DSBs induced by
irradiation, and that this repair does not give rise to higher
rates of mutations [33]. Building on these findings, in this
study we show that RADSI is localised to sites of DNA
DSBs induced by the chemotherapeutic agent, cisplatin, sug-
gesting that repair within primordial follicle oocytes in this
context also occurs predominantly via the homologous recom-
bination pathway. Because homologous recombination results
in high fidelity repair, our findings suggest that elimination of
apoptosis is unlikely to result in the propagation of mutations
to future generations of offspring following chemotherapy,
and further strengthens the argument for this approach to pre-
vent ovarian damage due to chemoradiation.

In keeping with our previous findings, these data confirm
that the prevention of apoptosis by elimination of PUMA re-
sults in complete preservation of the ovarian reserve [30].
However, the formation of DNA DSBs in response to cisplat-
in was unaffected, indicating that PUMA loss, by preventing
apoptosis, redirects damaged oocytes to repair their DNA.
Most studies examining PMF apoptosis following either y-
irradiation or various genotoxic chemotherapies have demon-
strated that apoptosis prevention rescues all or part of the
ovarian reserve, but the presence or absence of DSBs in
apoptosis-deficient oocytes has not previously been reported
[27, 31, 42, 43, 50, 52]. We have previously reported that in
response to y-irradiation, PMF oocytes of Puma™ and Puma’
"/Noxa™" female mice sustain levels of DSBs comparable to
WT mice, as demonstrated by the appearance of YH2AX foci
in PMF oocyte nuclei [29]. Similarly, we now demonstrate
that the survival of oocytes in Puma” mice after DSBs in-
duced by cisplatin is linked to their ability to avoid apoptosis
and conduct effective DNA repair, rather than prevention of
the damage itself. Collectively, our data therefore suggest that
integrity of DNA repair within PMF oocytes is a critical factor
determining whether apoptosis prevention forms a viable
means of ovarian protection from chemotherapy or radiation
for cancer treatment.

Interestingly, we observed an increase in the number of
transitional follicles in cisplatin compared with saline-treated
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Fig. 5 RADS] staining in
follicles by follicular stage and
treatment group in WT and
Puma’ mice. RAD51-stained
follicles of all stages were
visualised by confocal microsco-
py at 8 hours following treatment
with saline or cisplatin (cisplat).
Red = RADS51; green = c-Kit;
blue = DAPI. Representative im-
ages of positively staining pri-
mordial, transitional, primary,
secondary, and antral follicles of
Puma™” mice, 8 hours following
treatment with cisplatin (A). Scale
bars = 10 um (primordial, transi-
tional, primary follicles); 50 pm
(secondary); 100 um (antral).
Follicles staining positively for
RADS5]1 were further analysed to
assess the cell types affected at
each follicular stage, and
expressed as a total percentage of
RADS51-positive follicles for that
stage. Analysis was conducted in
WT mice (B) 8 hours following
treatment with saline (i) or cis-
platin (ii); and in Puma’” mice ©
8 hours following treatment with
saline (i) or cisplatin (ii)
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Puma” mice. Whilst we cannot be certain of the underlying
reason, it could be because the cell cycle was halted in the
granulosa cells of transitional follicles in order to complete
repair of cisplatin induced damage, temporarily slowing fol-
licular progression to the primary stage. This idea is consistent
with the small but non-significant decrease in primary follicles
observed. Increased activation of primordial follicles is a less
likely explanation, as primordial follicles were not depleted,
nor were secondary follicles, both of which are prerequisites
for chemotherapy induced follicle depletion via “burnout”.
Our previous study using the same chemotherapy protocol
also showed no net increase in the growing follicle pool 5
days after a single dose of cisplatin, in support of there being
no significant activation effect due to cisplatin treatment [30].

Previously, we have studied the induction of DNA DSBs in
WT mice in response to treatment with cisplatin (using the
same treatment protocol as the current study) and
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cyclophosphamide. In WT mice treated with saline, no signif-
icant YH2AX staining was detected at 8 or 24 h following
injection. In contrast, we now report that saline-treated
Puma’” mice had much a higher proportion of YH2AX-
positive follicles at all stages of development although still
significantly less than seen after cisplatin administration.
Accordingly, when compared with WT mice in this study,
saline-treated Puma’™ mice demonstrated higher proportions
of RADS1-positive follicles than their WT counterparts. The
reasons for the increased levels of YH2AX staining at baseline
in Puma’" mice are unclear. It may be related to the inability of
these follicles to undergo apoptosis at normal DNA damage
thresholds when compared with WT mice, thus necessitating
the initiation of repair as demonstrated by the increased pres-
ence of RADS]1 foci. Interestingly, this observation is consis-
tent with that made previously in a study of Puma™ and
Puma™"/Noxa™™ mice receiving y-irradiation, in which
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Fig. 6 DNA-PKcs-positive follicles by follicular stage and treatment
group in WT and Puma™ mice. Eight hours following treatment with
saline or cisplatin (cisplat), DNA-PKcs-positive follicles were counted,
and expressed as a percentage of the total follicles seen in each respective
follicular stage. This was performed in WT mice (a) and Puma’" mice (b).
Data are expressed as mean percentage + SEM; P < 0.05, **P < 0.01
(Student’s unpaired ¢ test)

apoptosis-deficient mice were found to have a residual level of
positive YH2AX staining within some PMF oocytes even 5
days following treatment [29].

Our demonstration of punctate RADS1 staining within
PMF oocytes—Ilikely localising to the same site where DNA
DSBs occur, as indicated by YH2AX staining—suggests that
homologous recombination is the predominant pathway in-
duced after cisplatin-induced DNA damage. Whilst it is
known that HR is a critical mechanism of DSB break repair
during meiotic recombination in mammalian oocytes, this has
not been previously shown to occur in prophase-arrested oo-
cytes. During normal meiotic recombination oocytes sustain
many DSBs, promoted by the action of Spoll, which are
essential to allow DNA exchange between homologous sister
chromatids [53, 54]; these DSBs are tolerated and repaired by
homologous recombination, in a pathway involving many
factors such as MRN11, RADS51, NBS1, BRCA1 and
BRCA2. However, under normal circumstances, arrested
PMF oocytes do not demonstrate this same tolerance for
DSBs, and indeed it has been shown that the threshold for a
PMF oocyte to undergo apoptosis may be a single unrepaired
break [27]. This low threshold for apoptosis may represent a
crucial safeguard for germline integrity [10, 55]. However, it
is unclear why oocytes undergoing meiotic recombination can
tolerate and indeed repair hundreds of DSBs, whereas arrested
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PMF oocytes cannot. The results of our study suggest that in
the absence of effective apoptotic mechanisms, PMF oocytes
are able to “redirect” their critical DNA damage response
pathways from one of apoptosis, to one favouring high-
fidelity repair. This is supported by our finding that Puma™
mice have higher levels of RAD51 within PMF oocyte nuclei
after cisplatin treatment than their WT counterparts, which
instead commit to apoptosis in high proportions, as evidenced
by reduced follicle counts 24 h after treatment. Given the
ability of oocytes to commit to this pathway earlier in devel-
opment, the known presence of HR factors within oocytes,
and the presence of a sister chromatid to provide the template
for faithful repair, the finding that apoptosis-deficient oocytes
utilise HR as the predominant repair pathway is perhaps un-
surprising. Interestingly, RADS51-positive follicles were seen
in higher proportions than YH2AX at our earliest treatment
timepoint, 8 h after injection. However, this may indicate that
peak YH2AX positivity occurs at an earlier time than captured
by our study, which is unsurprising given that in studies of y-
irradiation, YH2AX foci are seen in high proportions by 3 h
post-treatment [10, 27, 29].

This study demonstrated a relative paucity of DNA-PKcs
staining within PMF oocytes after cisplatin-induced DNA
DSBs, in both WT and Puma™” mice. Given that DNA-PKcs
is an essential part of the NHEJ repair pathway, this indicates
that NHEJ does not form a major component of the DSB
repair response within PMF oocytes after cisplatin. NHEJ
pathway components have previously been shown to be
expressed within oocytes. However, it appears that NHEJ
may be utilised by oocytes at much later stages of develop-
ment; in Xenopus laevis, it has been shown that oocytes at the
later, germinal vesicle stage do not express NHEJ factors until
metaphase II, at which time NHEJ becomes the predominant
repair mechanism [56, 57]. However, in somatic cells, it has
previously been shown that HR and NHEJ may compete or
cooperate to repair DSB. Notably, unlike HR, NHE]J is able to
operate throughout the cell cycle, and has been shown to be
the main DSB repair pathway in higher eukaryotes, particu-
larly in phases of the cell cycle where a sister chromatid is
absent [58, 59]. Our data showed DNA-PKcs in very few
primordial follicles, meaning that we cannot draw accurate
conclusions about the cell types employing NHEJ within
PMFs after cisplatin-induced DSBs. However, high numbers
of both RAD51 and DNA-PKcs-positive follicles were seen in
later follicular stages, particularly secondary and antral folli-
cles, in which DNA-PKcs foci were observed only within
somatic cells. This is consistent with our findings that in larger
growing follicles, high proportions of somatic (granulosa and
theca) cells stained positively for both RAD51 and DNA-
PKcs, suggesting that both HR and NHEJ are used within
these cells to repair DSBs sustained in these circumstances.
A much smaller proportion of oocytes were shown to sustain

DSBs in growing follicles of Puma™ mice; this is consistent
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with our previous studies examining chemotherapy-induced
DSBs in WT mice [32]. In keeping with the previously noted
observations that NHEJ plays a major role in the oocyte only
from the MII stage [56, 57, 60], we found only RADS51 stain-
ing within secondary and antral follicle oocytes.

In this in vivo study of DNA repair in mouse ovarian fol-
licles, we have demonstrated the induction of DNA DSBs
within the primordial follicle oocytes of apoptosis-deficient
mice and shown that when the opportunity for apoptosis is
removed, primordial follicle oocytes are capable of initiating
the high-fidelity DSB repair pathway, homologous recombi-
nation. Additionally, we have shown that this pathway likely
predominates over the more error-prone repair pathway, non-
homologous end-joining. Given the promise shown by nu-
merous studies of apoptosis inhibition for fertility preservation
in cancer, our findings provide strong evidence that this ap-
proach is likely to be safe and effective in preventing ovarian
damage during chemotherapy without presenting significant
risks of transmitting germline mutations to future generations.
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