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Abstract

Ataxia telangiectasia mutated (ATM) protein recognizes and repairs DNA double strand breaks
(DSB) through activation of cell cycle checkpoints and DNA repair proteins. Atm gene
mutations increase female reproductive cancer risk. Phosphoramide mustard (PM) induces
ovarian DNA damage and destroys primordial follicles, and pharmacological ATM inhibition
prevents PM-induced follicular depletion. Wild-type (WT) C57BL/6 or Atm*" mice were dosed
once intraperitoneally with sesame oil (95%) or PM (25 mg/kg) in the proestrus phase of the
estrous cycle and ovaries harvested 3 days thereafter. Atm*" mice spent ~25% more time in
diestrus phase than WT. LC-MS/MS on ovarian protein was performed and bioinformatically
analyzed. Relative to WT, Atm™ mice had 64 and 243 proteins increased or decreased in
abundance, respectively. In WT mice, PM increased 162 and decreased 20 proteins. In Atm*"
mice, 173 and 37 proteins were increased and decreased, respectively, by PM. Exportin-2
(XPO2) was localized to granulosa cells of all follicle stages and was 7.2-fold greater in Atm*"
than WT mice. Cytoplasmic FMR1-interacting protein 1 (CYFIP1) was 6.8-fold lower in Atm*"
mice and was located in the surface epithelium with apparent translocation to the ovarian
medulla post-PM exposure. PM induced yH2AX, but fewer yH2AX positive foci were identified
in Atm*" ovaries. Similarly, cleaved caspase-3 was lower in the Atm*~ PM-treated, relative to WT
mice. These findings support ATM involvement in ovarian DNA repair and suggest that ATM

functions to regulate ovarian atresia.
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Introduction

The integrity of the genome is constantly insulted by endogenous and exogenous sources
and an intrinsic response is needed to effectively repair any damaged DNA. Ataxia
telangiectasia mutated (ATM) protein is a major orchestrator of DNA repair and activated ATM
precipitates the cellular DNA damage repair response (DDR). The cell cycle is arrested, and the
DNA damage is fixed, or the cell is triggered for apoptosis if beyond repair [1]. ATM acts as a
sensor and transducer of DNA damage, phosphorylating several downstream targets after
activation including histone 2AX (H2AX) [2], mediator of DNA damage checkpoint protein 1
(MDC1) [3], and breast cancer type 1 susceptibility protein (BRCA1) [4] for DNA repair;
serine/threonine-protein kinase Chk2 (CHK?2) for cell cycle arrest [5]. After the repair process,
ATM influences cellular fate by targeting p53 [6] for apoptosis, and RAC-alpha
serine/threonine-protein kinase (AKT) [7] for cell survival. Elevated ATM is associated with a
poor tumor response to chemotherapy and platinum resistance [8].

Mutations in Atm cause ataxia-telangiectasia (A-T) syndrome, a rare autosomal recessive
disease characterized by neurodegeneration, immunodeficiency, increased radiosensitivity,
cancer predisposition, and infertility [9]. A-T women have hypoplastic ovaries devoid of
primordial follicles [10] and female Atm™ mice are infertile and lack viable oocytes [11].
Women who are heterozygous carriers of mutated Atm have elevated cancer risk, particularly
breast and ovarian [12-17], thus, receive anti-cancer therapy; a scenario that further increases
their infertility risks.

Cyclophosphamide (CPA) is an alkylating agent used in the treatment of cancers [18] and

autoimmune disorders [19, 20] in adults and children. Phosphoramide mustard (PM), an
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ovotoxic metabolite of CPA [21, 22], destroys rapidly dividing cells by inducing DNA double
strand breaks (DSB) [23]. The reproductive effects of PM exposure have been well
characterized by our group and others, which include loss of primordial and primary follicles in
mice [24-27], antral follicles in rats [28], and amenorrhea, premature ovarian failure, and
infertility in women and young girls [29]. In addition to fertility issues, CPA exposure has been
associated with congenital malformations in offspring exposed to CPA in utero as well as pre-
gestational germ cell exposures [30]. Increasing cancer survival rates present the need to
identify the mechanisms by which cancer therapies or other chemical exposures cause ovarian
damage.

ATM induction is the earliest observed event during PM-induced ovotoxicity and our
group made the surprising observation that pharmacological inhibition of ATM prevents PM-
induced follicular depletion ex vivo [31]. Thus, the hypothesis under investigation in this study
was that the DNA damage response would be blunted in Atm*" deficient mice and unhealthy
follicles that normally would be triggered for repair and/or apoptosis would remain in the ovary.
Our specific objectives were to determine if lowered ATM abundance affected PM-induced
follicle loss and to investigate abundance and localization of ovarian DNA repair and apoptosis

proteins after PM exposure in both wild type and ATM-deficient mice.

Materials and Methods
Animal procedure and tissue collection

All experiments were performed according to regulatory guidelines and approved by the
Institutional Animal Care and Use Committee (IACUC) and Institutional Biosafety Committee at

lowa State University. Female C57BL/6J (n = 6) and B6.129S6-Atm™**/J mice (referred to as
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Atm™" herein; n = 6) were purchased from Jackson Laboratory (Bar Harbor, ME) and maintained
in an animal facility at lowa State University under controlled room temperature (21°C-22°C)
and lighting (12hr light:12hr dark) with ad libitum access to food and water. At 10 weeks of age,
mice were intraperitoneally (IP) injected once with PM (25 mg/kg) or sesame oil (95%; n = 3 per
group) in the pro-estrus phase of the estrous cycle. Mice were euthanized 3 days after dosing at
which time body and organ weights were recorded. Organ weights were normalized to body
weight. Ovaries were collected and one ovary was fixed in 4% paraformaldehyde overnight at
4°C for histological analysis while the contralateral ovary was snap frozen in liquid nitrogen and

stored at -80°C until processing for protein extraction.

Estrous Cycle Monitoring

The estrous cycle was monitored by performing vaginal cytology analysis in the morning
for 10 days to ensure that mice were at the same stage of the estrous cycle for PM dosing.
Briefly, fresh, wet vaginal smears were collected by pipetting saline into the vagina and
collecting the samples. Vaginal smears were placed onto histology slides and examined with a
Nikon OPTIPHOT microscope using a 10X objective. Classification of estrous cycle stages was
determined as previously described [32]. During the follicular phase, pro-estrus was
characterized by small, round nucleated epithelial cells, some cornified epithelial cells, and little
to no leukocytes. Estrus was characterized by several cornified epithelial cells containing
deteriorating nuclei. The presence of cornified cells and leukocytes indicated the metestrus
stage. In diestrus, nucleated epithelial cells reappeared in the vaginal smears in addition to the

presence of polymorphonuclear leukocytes.
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Histology and Follicle Counting

After fixation, ovaries were passed through a 10%, 20%/0.1M PBS gradient for 1-3 hours
each at room temperature, followed by 30% sucrose/0.1M PBS overnight at 4°C and embedded
in optimal cutting temperature (OCT) compound before being flash frozen on dry ice. Serial
sections were cut at 7 um on a cryostat (Leica CM1850) and every 6™ section was mounted onto
glass slides and stained with hematoxylin and eosin for follicle counting, while intermittent
sections were retained for immunofluorescence staining. Healthy follicles containing oocytes
with a distinct oocyte nucleus were counted and classified as previously described [33]. Briefly,
primordial follicles were identified by an oocyte encircled by a single layer of squamous
granulosa cells; primary follicles contained an oocyte surrounded by a single layer of cuboidal
granulosa cells; secondary follicles contained an oocyte surrounded by multiple layers of
granulosa cells, and antral follicles were identified as those containing an oocyte enclosed by
several layers of granulosa cells in conjunction with presence of a fluid filled antral space.
Follicle counts and bright field images were captured on an inverted DMI3000B microscope
(Leica) and QICAM MicroPublisher 5.0 (MP5.0-RTV-CLR-10, QIMAGING) camera using
QCapture software at a 5x objective. Total counted follicle numbers per ovary were compared

between treatments.

Protein Isolation and Proteome Analysis

Total ovarian protein was isolated by tissue homogenization in lysis buffer (50 mM Tris-
HCL, 1 mM EDTA, pH 8.5) followed by centrifugation at 10,000 rpm at 4°C for 15 min.
Supernatant was collected and protein content was quantified using a bicinchoninic acid assay

(BCA) and prepared as a working dilution (50 pg/uL) with lysis buffer (Pierce BCA Protein
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Assay Kit, Thermofisher). Protein (50 pg/ul) was digested with trypsin/Lys-C for 16 hours,
dried down and reconstituted in buffer A (47.5ul; 0.1% formic acid/water). Peptide Retention
Time Calibration (PRTC) mixture (25 fmol/pl) was spiked into each sample as an internal
control. Protein (10 pg) and PRTC (250 fmol) were injected onto a liquid chromatography
column (Agilent Zorbax SB-C18, 0.5mm x 150mm, 5 micron) using an Agilent 1260 Infinity
Capillary Pump. Peptides were separated by liquid chromatography and analyzed using a Q
Exactive ™ Hybrid Quadrupole-Orbitrap Mass Spectrometer with an HCD fragmentation cell. A
positive identification was considered only if three positive peptides were identified per protein.
The resulting intact and fragmentation pattern was compared to a theoretical fragmentation
pattern (from either MASCOT or Sequest HT) to identify peptides. The relative abundance of the
identified proteins was based on the areas of the top three unique peptides for each sample.

For each peptide, the signal intensity was divided by the arithmetic mean of the PRTC as
the normalization factor before further analysis. MetaboAnalyst 4.0 [34] was used for data
analysis. Upon finding data integrity to be satisfactory (no peptide with more than 50% missing
replicates, positive values for the area), missing value estimation was imputed using Singular
Value Decomposition (SVD) method. Non-informative values that were near-constant
throughout the experiment conditions were detected using interquartile range (IQR) estimation
method and were deleted. Data transformation was performed based on generalized logarithm
transformation (glog) to make individual features more comparable. The control and treatment
samples were compared by t-test with the adjusted P-value (FDR) cutoff of 0.05. Fold change
(FC) analysis with threshold of 2 was performed to compare the absolute value of change
between control and treatment values. A volcano plot was created to combine the FC and the t-

test analysis. The PCA analysis was performed using the prccomp package and pairwise score
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plots were created to provide an overview of the various separation patterns among the most
significant components. Partial least squared (PLS) regression was then performed using the plsr
function provided by R pls package to predict the continuous and discrete variables. A PLS-DA
model was built to classify and cross-validate PLS using the caret package. Finally, a
dendrogram and a Heatmap were generated to graphically represent the data.

The UniProt protein IDs that were up/down regulated with P-values less than 0.05 were

used to retrieve the corresponding KEGG IDs using the “Retrieve/ID mapping” tool of UniProt

(accessible at http://www.uniprot.org/uploadlists/). KEGG IDs were used to retrieve biological
pathway association of the proteins. Enrichment analysis was performed using the Database for

Annotation, Visualization and Integrated Discovery (DAVID) 6.8 Tools [35].

Gene Ontology Analysis

Gene Ontology (GO) analysis was performed using PANTHER version 14.0
(http://www.pantherdb.org). Proteins identified in the control and experimental samples were
compared to the Mus musculus reference list and divided into protein class and biological
process. The Fisher’s Exact test with False Discovery Rate (FDR) correction was used with P <

0.05 considered as a significant difference between samples.

Immunofluorescence staining

Slides were warmed briefly on a 37°C slide warmer and tissue sections were encircled
with a histology pap pen (Vector Laboratories) to keep staining solutions concentrated on the
tissue during processing. Tissue was rehydrated and permeabilized in 0.1M PBS with 0.1%

Tween20 (PBSTw) for 20 min, followed by serum blocking (0.1M PBS/1% BSA/1% DMSO/5%
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goat serum) for 60 min at room temperature. Primary antibodies (Supplemental Table 1) were
diluted in fresh blocking solution and applied to the tissue sections and incubated in a humidified
box at 4°C overnight. For antigen retrieval, 1% sodium dodecyl sulfate (SDS) was applied for 5
min after rehydration, followed by three washes of PBSTw for 5 min each and addition of
blocking solution as described above. After primary antibody incubation, slides were washed 6
times in PBSTw for 5 min per wash. The appropriate secondary antibody (Supplemental Table
1) was added to fresh blocking solution, applied to tissue sections and incubated at room
temperature for 60 min, followed by 6 washes in PBSTw for 5 min per wash. Slides were air
dried, followed by addition of Vectashield with DAPI (H1200, Vector Labs) and cured overnight
at 4°C. Negative technical controls to confirm specificity were performed using secondary
antibodies alone (Supplemental Figure 1). Images were captured on a Zeiss LSM700 confocal

microscope equipped with an AxioCam MRc5 using a 5 or 20x objective.

Quantification of Protein Abundance

For quantification of BRCAL, H2AX, and cytochrome ¢ (CYCS) immunoreactivity (n =
3 ovaries per treatment; 2 sections per ovary), the threshold percentage of the total ovarian image
area was analyzed in whole ovarian sections using ImageJ (https://imagej.nih.gov). When
quantifying ATM immunoreactivity, the threshold percentage of the total image area was limited
to the oocyte (3 ovaries per treatment; 17-35 oocytes per treatment), while XPO2
immunoreactivity was measured in granulosa cells of antral follicles (3 ovaries per treatment; 18-
45 follicles per treatment). For YH2AX (3 ovaries per treatment; 30-39 follicles per treatment)

and cleaved CASP3 (3 ovaries per treatment; 33-36 follicles per treatment), immunopositive
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cells were manually counted in primary, secondary and antral follicles using the cell counter

module of ImageJ (https://imagej.nih.gov/ij/plugins/cell-counter.html).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7.0 two-way ANOVA
function with Tukey multiple comparison tests for follicle numbers, organ weights, and
immunofluorescent staining values. The unpaired t-test was used in the evaluation of the estrous
cycle and body weights. For the estrous cycle data, the statistical analysis was performed on the
raw data and the data is presented as percentage of time spent at that stage of the estrous cycle
during the monitoring period. Bars represent mean value + standard error of the mean (SEM). A
P-value < 0.05 was considered statistically significant and a trend for a statistical difference was

considered at P < 0.1.

Results
Effect of phosphoramide mustard exposure on body and organ weight

Body weight was lower in Atm*" females relative to WT controls (P < 0.05;
Supplemental Figure 2) at the onset of the experiment. There was no effect of either PM
exposure or Atm deficiency on weight of the heart, kidney, liver, spleen, uterus or ovary (P >

0.05; Supplemental Figure 2).

Impact of Atm deficiency on estrous cyclicity and follicle number
There was no impact of Atm deficiency on the length of time spent in the proestrus,
metestrus, or estrus phases of the estrous cycle; however, Atm*™ mice remained in the diestrus

phase of the estrous cycle longer than their WT counterparts (P < 0.05; Figure 1D). There were
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reduced numbers of primordial (P < 0.05), primary (P < 0.1), and total (P < 0.05) number of
follicles in ovaries of Atm*" mice relative to WT controls (Figure 2E-G) but no impact of Atm

deficiency on secondary or antral follicle number (data not shown).

Effect of PM exposure on follicle number

Phosphoramide mustard decreased (P < 0.05) the number of healthy primordial follicles
in WT ovaries by 77% (Figure 2E). However, comparison between the Atm*" mice who
received vehicle control and the Atm*" mice who received PM, revealed no effect (P > 0.05) of
PM exposure on primordial follicle number in Atm*" ovaries, though the number of primordial
follicles was reduced by 52% (Figure 2E). Phosphoramide mustard decreased the number of
healthy primary follicles in the WT ovaries by 37%, but similar to primordial follicle numbers,
relative to Atm™" mice who received vehicle control, PM did not reduce primary follicle number
in Atm™" mice (Figure 2F). PM exposure also did not affect the number of healthy secondary or
antral follicles in WT or Atm*"~ mice (data not shown). Total follicle number was less in both the
CT and PM-exposed Atm™" mice and in WT PM-exposed relative to the WT CT mice (Figure
2G). There was no PM-induced difference in total follicle number in Atm™ mice (Figure 2G).
Overall, there was a reduction in 51% of all follicle types in WT ovaries due to PM treatment,

with only a 36% decline in all follicles observed in the Atm™" ovaries.

Identification of PM-induced DNA damage and protein markers of ATM-mediated double
strand break repair
To determine an altered ovarian DDR and/or atresia in Atm*’~ ovaries, protein markers of

DNA damage and the DDR were examined. Positive ATM immunofluorescent staining was
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observed in the oocyte in all follicle stages, with no difference in localization pattern between
genotypes or treatment (Figure 3A). ATM immunoreactivity decreased in intensity between the
PM-treated genotypes (P < 0.05), but no other differences were noted (Figure 3A”).

To determine if Atm*"~ mice have increased amounts of DNA damage basally and to
assess the DDR after a genotoxic exposure, the abundance of ovarian YH2AX was investigated
and positive yYH2AX foci were quantified in all follicular stages (Figure 3B). Increased positive
yH2AX foci were detected in WT ovaries after PM-treatment (P < 0.05; Figure 3B’). In the
Atm™" ovaries, PM exposure did not increase yH2AX (Figure 3B’). There was no effect of
genotype or PM treatment on the abundance of non-phosphorylated H2AX (Supplemental
Figure 3A).

BRCAL immunofluorescent staining was observed throughout the ovary in the oocytes of
primary, secondary, and antral follicles, theca cells, stromal cells, with moderate staining
occuring in the granulosa cells of some antral follicles (Figure 3C and Supplemental Figure
3B). Whole ovary BRCAL fluorescence intensity was decreased in PM-treated WT ovaries,
relative to the WT controls (Figure 3C”). There was lower BRCAL protein staining in the
vehicle control-treated Atm*" ovaries compared to the corresponding WT controls (P < 0.05;
Figure 3C°). PM exposure in Atm™" mice did not impact BRCAL protein abundance as detected
by immunofluorescent staining (Figure 3C”).

Granulosa cells that stained positively for cleaved CASP3 were assessed by
immunological staining and positive cells quantified in all follicular stages (Figure 4A). An
increase in CASP3 positive cells in the WT ovaries after PM-treatment (P < 0.05) was observed,

and this was absent in Atm*"" PM-treated ovaries, relative to the corresponding control. Reduced
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(P < 0.1) numbers of cleaved CASP3 cells were observed in Atm*"~ PM-treated, relative to WT
PM exposed ovaries (Figure 4A°).

CYCS protein abundance was determined by immunofluorescent staining and was
observed throughout the entire ovary. Lack of ATM did not impact basal CYCS, nor was an
impact of PM exposure on ovarian CYCS in WT mice observed (Figure 4B). There was a trend

(P < 0.1) for reduced CYCS in Atm*"ovaries exposed to PM (Figure 4B°).

Proteomic alterations due to Atm haploinsufficiency

LC-MS/MS was utilized to determine any proteins of interest that are regulated by ATM.
There were 2,123 ovarian proteins identified in vehicle control-treated Atm*"~ mice and 2,145
ovarian proteins identified in the vehicle control WT mice. Relative to the WT vehicle control-
treated ovaries, 64 proteins were increased and 243 were decreased in abundance in the ovaries

of Atm*” females (P < 0.05; Supplemental Table 2).

Effect of phosphoramide mustard exposure on the ovarian proteome

In addition to determining proteins regulated by ATM, LC-MS/MS analysis determined
those altered by PM treatment. A total of 2,160 proteins were identified in PM-exposed WT
ovaries. Relative to the WT controls, 162 proteins were increased, and 20 proteins were reduced
in ovaries of WT mice exposed to PM (P < 0.05; Supplemental Table 3). In PM-treated Atm™"
mice, 2,132 proteins were identified, and 173 proteins were increased and 37 decreased
compared to Atm*" mice treated with vehicle control (P < 0.05; Supplemental Table 4). In
Atm*" mice exposed to PM, 116 proteins were decreased and 61 increased (P < 0.05;

Supplemental Table 5) compared to WT PM-exposed mice.
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Of these differentially expressed proteins that were increased in each PM treated group,
132, 141, and 31 were determined to be unique in WT, Atm*", and in the PM-treated genotype
comparison, respectively (Figure 5A). In contrast, 20, 37, and 116 proteins were decreased that
were exclusive to the PM-treated WT, Atm*", and genotype comparisons, accordingly (Figure
5B). Within the separate genotypes and in the absence of PM treatment, 39 increased proteins
were identified as unique (Figure 5A), while 243 proteins were identified as decreased (Figure
5B). Additionally, there were 58 shared proteins that were increased between all groups and 49
proteins shared that were decreased between all groups (Figure 5A-B). 49 proteins were shared
between the genotypes, with 16 of these proteins being upregulated and 33 downregulated

(Figure 5A-B).

Gene ontology (GO) and pathway analysis

Differentially abundant proteins between Atm*™ and WT mice were assigned to protein
class and biological process using PANTHER GO analysis (Fischer’s Exact with FDR multiple
test correction; P < 0.05). GO analysis distributed 221 hit genes into 21 protein classes for
proteins identified as differing in the Atm*" vehicle control relative to the WT vehicle control
(Figure 5C-D). In the Atm*" PM relative to WT PM, 139 hit genes were distributed into 22
protein classes (Figure 5C-D). Most of the proteins identified were classified as nucleic acid
binding proteins (28% in vehicle control-treated ovaries, 15% in PM-treated ovaries; Figure 5C-
D). Protein classes with the greatest assignments were hydrolases, transferases, enzyme
modulators, and cytoskeletal proteins. Together, these protein classes comprise of ~65% of
proteins identified between the WT and Atm*" vehicle-treated mice and ~58% of those proteins

identified in the WT and Atm*” PM-exposed mice.
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For biological process, 43 proteins from the control exposure groups and 27 proteins
from the PM exposure groups were assigned to the cellular metabolic process cluster,
representing around 15% of the proteins over-represented in Atm*" ovaries. Protein-containing
complex subunit organization, establishment of cellular localization, and intracellular transport
also had several proteins assigned (Supplemental Figure 4A).

KEGG ID’s were identified via the UniProt ID mapping tool and utilized in a pathway
enrichment analysis via DAVID to determine the representation of molecular networks in Atm*"
relative to WT ovaries. In PM exposed mice, the metabolic pathways ID was enriched in
approximately ~18% of proteins (Supplemental Figure 4B). Interestingly, this was not
observed in vehicle control-treated mice of either genotype. Other KEGG pathways identified as
differing between the genotypes regardless of treatment were spliceosome, ribosome, focal

adhesion, and proteoglycans in cancer (Supplemental Figure 4B).

Effect of PM exposure on ovarian localization of CYFIP1 and XPO2 in WT and Atm*"
mice.

To determine the spatio-temporal distribution of proteins of interest identified in the LC-
MS/MS analysis, immunofluorescence staining was performed on whole ovarian sections. In the
LC-MS/MS analysis, Cytoplasmic FMR1-interacting protein 1 (CYFIP1) was reduced by 6.83-
fold and 5.57-fold in Atm™" vehicle-control and Atm*™" PM exposed ovaries, respectively, relative
to their wild-type counterparts. CYFIP1 positive cells were uniformly spaced along the ovarian
surface epithelium in all ovary samples (Figure 6A and 6A”), however, PM exposure altered this
localization and post-PM exposure, CYFIP1 protein was present in the ovarian cortex including

granulosa cells and medulla (Figure 6A and 6A”).
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Exportin-2 (XPO2) increased in the Atm* vehicle-control compared to the WT vehicle-
control ovaries by 7.20-fold and by 6.40-fold in Atm*" PM-exposed ovaries relative to the WT
PM-exposed ovaries as detected by LC-MS/MS analysis. XPO2 immunological staining
revealed positive staining in the granulosa cells of all follicular stages and the oocyte, as well as

in the corpus luteum (Figure 6B).

Discussion

Cells employ a highly conserved pathway to sense, signal, and repair DNA. A key event
in DNA repair is activation of ATM, a member of the phosphatidylinositol 3-kinase (PI3K)
superfamily, which also includes ataxia telangiectasia and Rad3-related (ATR) and DNA-
dependent protein kinase (DNA-PK) [1]. ATM is activated by the MRN complex, which
contains MRE11, RAD50, and NBS1 proteins [36], initiating serine 1981 autophosphorylation
and homodimer to active monomer dissociation [37, 38]. Over 700 ATM and ATR protein
targets have been identified [39], including BRCA1 [4], CHK2 [5], and P53 [6].

The exact mechanisms underlying chemotherapy-induced follicle loss remain unclear.
Direct toxicity to the follicle or oocyte may occur [40-43] or accelerated hyperactivation of
primordial follicles [44] in response to targeted death of larger growing follicles, resulting in
follicular “burnout” [45-47]. PM induces ovarian DNA damage in the oocyte and granulosa cells
[22, 24, 25] and our group discovered that ATM inhibition prevents PM-induced follicle
depletion [31]. To further explore the events post-genotoxicant induced ovarian damage, both
targeted and exploratory approaches were utilized to determine mechanisms involved in the
ovarian response to PM exposure and further, Atm*" mice were employed to interrogate the role

of ATM in mediating the PM-induced ovarian response.
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In response to PM exposure in WT mice, both primordial and small primary follicle
numbers were reduced in WT mice, consistent with our previous findings [26, 27]. Different
numbers of growing follicles post-PM treatment were not observed, suggesting lack of
hyperactivation of the ovarian reserve. This corresponded with our previous findings in which
inhibition of PI3K did not have any effect on the extent of PM-induced follicle loss [48]. The
Atm*" mice had reduced follicle number at all stages of development, highlighting the
importance of ATM in basal ovarian physiology and recapitulating phenotypic observations in
A-T female patients [9]. Atm”" female mice [49] and female A-T patients [9] are infertile due to
reduced or complete absence of gametes in the ovary. Primordial germ cell migration to the
genital ridge is unaffected in Atm” mice, but oocytes undergo apoptotic degeneration prior to
birth [11]. Adult Atm” mouse ovaries are also devoid of oocytes and superovulation is
ineffective [49].

Similar to our findings in which ATM was pharmacologically inhibited ATM in ex vivo
cultured ovaries [31], PM-induced follicle loss was less robust in Atm*" mice, relative to WT
mice. The effect was not complete inhibition of PM-induced follicle loss, presumably due to Atm
haploinsufficiency, rather than complete ATM reduction as observed in the pharmacological
approach [31]. The level of basal ATM in Atm™" ovaries did not differ relative to WT, but there
was lack of increased ATM after PM exposure, supporting lack of ATM responsiveness to PM
exposure in these mice.

Upon DNA damage, ATM phosphorylates H2AX to yH2AX at the DNA DSB site,
resulting in a positive feedback loop of DNA repair proteins [51-55] and yH2AX presence is
considered the gold standard for DSB localization [56]. The DDR was irregular, as evidenced by

fewer yH2AX positive cells, in Atm*" mice post-PM treatment. This was in stark contrast with
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WT PM mice in which there was accumulation of YH2AX positive cells. This observation was
not attributable to reduced total H2AX protein abundance in the Atm*" mice. The numerical
lesser abundance of inactive H2AX could be related to reduced ATM, as the two proteins are
products of their respective genes, Atm and H2ax, which are very closely linked in the same
cytogenetic region (11g23) in both humans and mice [57].

BRCAL functions in homologous recombination [58, 59] and nonhomologous end
joining DNA repair [60, 61] and is phosphorylated by ATM. Similar to carriers of a mutant Atm
gene, women with Brcal mutations have defective DNA repair and increased risks of breast and
ovarian cancers [64]. Relative to ovaries from WT vehicle-control mice, there were lower levels
of basal BRCAL protein in Atm*" vehicle-control ovaries, and in PM-exposed mice (both WT
and Atm*"), potentially an indication that BRCAL is depleted in response to PM exposure as a
reflection of BRCAL1 function though this remains to be determined. Taken together, these
findings suggest that ovarian BRCAL is a direct ATM target and that PM exposure affects
ovarian BRCAL.

When DNA damage exceeds the capacity of the cell for repair, it is shunted towards
apoptosis. Pro-apoptotic CASP3 is implicated in granulosa [65] and luteal [66] cell death,
though not necessary for oocyte death [65]. Despite a dramatic increase in CASP3 positive cells
in the WT mice post-PM exposure, fewer cells positively stained for CASP3 in Atm™" female
mice after PM exposure. This finding in the WT mice is consistent with previous studies [21, 25,
43, 67]. DNA damage can also activate the mitochondrial apoptosis pathway and CYCS release
[68]. Altered CYCS abundance was not noted in this study, though there was a slight decline in
CYCS due to PM exposure in the Atm*" ovaries which was not apparent in the WT ovaries. An

association between Atm deficiency and mitochondrial dysfunction has been documented [70-
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72]. Thus, these findings support reduced apoptosis in the Atm™ ovaries in response to PM
induction, potentially indicating lack of shunting of damaged follicles towards atresia, as
supported by the reduced extent of follicle loss that resulted from PM exposure in the Atm*"
mice.

To complement the targeted approach focused on the ovarian DDR and apoptotic
proteins, an unbiased proteomic LC-MS/MS approach was employed to determine additional
proteins of interest regulated by ATM and altered by PM. The top proteins affected in each
comparison are described below, though this does not indicate that proteins that are significantly
altered but with a lowered fold-change have lesser importance in the influence of ATM on
ovarian function or in the response to PM exposure. KEGG identifiers from our proteome
analysis revealed proteins involved in metabolic pathways including pyridoxine 5’-phosphate
oxidase (PNPO) and phosphomannomutase 2 (PMM2), and proteins associated with the
spliceosome.

Identification of proteins that are increased when ATM functionality is reduced support
that they are proteins regulated by ATM or that experience secondary effects upon ATM loss.
RPL29 is associated with ovarian cancer malignancy [79]. ME is involved in the luteal transition
[80]. NID1 functions in ovarian steroidogenesis and bisphenol A exposure reduced Nidl mRNA
in Sertoli cells of mice [81, 82].

Lack of appropriate ATM function resulted in reduced abundance of proteins that have
been demonstrated to respond to cellular stress. AHSAL is regulated by p53 and though roles in
the ovary are not understood, AHSA increases PI3K phosphorylation [83] thus suggesting
involvement in ovarian processes of importance. PMM2 mutations result in a glycosylation

disorder in humans and endoplasmic reticulum stress has been reported in a zebrafish model of
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PMM?2 deficiency [84, 85]. Nalpl4 mRNA transcript is located in the oocytes of follicles up
until the preovulatory stage [86] and Nalp14 mutation is associated with spermatogenic issues in
men [87]. Though not well explored, NESP2 was found to be highly expressed in the ovary [88]
and NESP1 [89] and NESP3 [90] have roles in the testes supporting a gonadal role for ovarian
NESP2.

Identification of proteins increased in response to PM exposure support their involvement
in the ovarian protective response (OPR). These findings identify potential targets that could be
medicinally induced in the ovary during CPA/PM treatment to minimize ovarian damage that
occurs as a treatment side effect. BHMT1 is involved in metabolism of homocysteine which can
be regulated in the oocyte via this enzyme [91]. Though the ovarian role is not clear, in the
testes, ALD1 is found in the vas deferens and regulated by dihydrotestosterone (DHT) [93]. Idil
MRNA is present in reproductive tissue of Aedes aegypti mosquito [94], though there is little
data on function in mammalian reproductive systems. CP51A is a member of the cytochrome
P450 enzyme family of proteins, which are critical in chemical metabolism processes [95]. In
the testis, CP51A has an important role in the production of sterols that regulate meiosis [96].
CDN1B or p27kipl regulates ovarian development in mice through suppression of follicle
endowment, activation, and promoting cell death [97].

The proteins that are reduced by PM could represent targets that are used as a mode of
action of PM to induce ovotoxicity or could indicate that the abundance of these proteins is
reduced due to their being depleted as they are being utilized in the OPR to PM exposure.
PDS5B regulates the cohesion of sister chromatids during mitosis and meiosis, a function
integral to DNA replication and repair [98]. In males, PDS5B regulates androgen-induced

proliferation inactivation [99] and loss of PDS5B has been implicated in prostate cancer [100].
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Al10A9 has been identified in fluid of ovarian carcinomas and in the serum from ovarian
carcinoma patients [101]. DDX18 is a member of the DEAD-box helicase family of proteins
[102] and though there is no known specific reproductive tissue roles of DDX18, DDX25 is a
gonadotropin-regulated testicular helicase and is essential for spermatogenesis [103]. Increased
TPS1 is observed during follicular atresia in primate ovaries [104] and inhibits VEGF,
suggesting a role for TSP1 as a mediator for ovarian angiogenesis and follicle development
[105]. Little is known about CE162 in reproductive tissues.

In ovaries with reduced basal ATM, ovarian proteins that are responsive to PM exposure
were identified, potentially indicating a response that is not solely due to the genotoxic effects of
PM. In addition, considering the importance of maintaining gamete quality, there are likely
ATM-independent mechanisms to respond to genotoxicants, and these proteins may be part of
that response. KINH maintains chromosomal stability and in mouse oocytes is critical for
germinal vesicle breakdown and polar body extrusion [106]. NAL14 is an inflammosome
component and Nlrpl4 has been detected in mammalian oocytes [107, 108]. In ovarian cancer
stem cells, SYQ/QARS binds to aggregated P53 protein [109]. CNN1 is a tumor suppressor with
suppressive effects in ovarian cancer cells [110] and is also observed in Sertoli cells [111], as a
marker for peritubular myoid cells which interact with Sertoli cells during seminiferous tubule
development [112]. Conversely, ILK has been implicated in pro-metastatic epithelial ovarian
cancers [113].

As is the case with the proteins that are increased in response to PM when ATM is
deficient, the same is true of those proteins that are reduced in abundance. These reductions
could represent utilization of these proteins in the response to PM, and could also indicate that

with decreased abundance of ATM, proteins for which no apparent alteration in their overall
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abundance during PM exposure in the WT ovaries could in fact be functional in that scenario,
but then be reduced in ovarian content in ATM deficiency, and that they are depleted at a faster
rate or to a greater extent when ATM is insufficient. MGRAP is a mitochondrial transmembrane
protein in the ovary (previously named ovary specific acidic protein) [114, 115] and Mgrap is
regulated by estrogen and suppressed by a GnRH antagonist [118]. MBD?2 has been identified in
breast cancer cells [119]. AIF1L was identified via microarray as upregulated in ovarian cancer
tissue versus normal ovarian tissue [120]. Reduced HMGNS5 increases chemosensitivity of
human bladder cancer cells through inhibition of PI3K/AKT signaling [121], but it also has an
oncogenic role in several types of cancers including breast [122] and prostate [123]. AFAM has
been detected in follicular fluid [124], with serum concentrations remaining stable throughout
the menstrual cycle [125] and elevated in polycystic ovary syndrome patients [126].

Two proteins chosen for further characterization to decipher the impact of PM exposure
in the ovaries of the WT and Atm™" mice were CYFIP and XPO2. CYFIP1 was dramatically
decreased in ovaries from Atm*" female mice both basally and in response to PM treatment
relative to their wild-type counterparts. Cyfipl is frequently deleted or reduced in human
epithelial cancers and during invasion of epithelial tumors, with silencing of Cyfipl resulting in
disorganized epithelial morphogenesis in vitro [127]. Our finding of alterations to CYFIP1 in
the Atm*"~ ovary with localization around the ovarian surface epithelium and the appearance of
CYFIP1 positive cells within the ovarian cortex and medulla after PM treatment indicates a
possible role of CYFIP1 in ovarian tissue architecture, notable considering the increased rates of
ovarian cancers in A-T female patients as well as carriers of a mutated Atm allele.

The cellular apoptosis susceptibility protein XPO2 (also known as CSE1L) was greatly

increased in the Atm*" female ovary both due to ATM deficiency and post-PM exposure in
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contrast to WT ovaries in which this response was not observed. In healthy cells, the function of
XPO2 has been proposed as a breakpoint in regulating which cells proliferate and which cells
undergo apoptosis [130]. Modifications in abundance of Xpo2 have been suggested to promote
neoplasia in breast cancers [131-134]. Furthermore, increased Xpo2 in association with the
tumor suppressor gene Bax and pro-apoptotic Casp3, coincide with reduced anti-apoptotic Bcl-2
has been demonstrated in the pathogenesis of endometrial carcinomas [135]. Considering that
PM induced ovarian apoptosis in WT, but not in Atm*" mice, these data suggest that XPO2 may
be involved in ATM-mediated apoptosis.

In addition to implications for effective DNA repair, Atm haploinsufficiency may impact
ovarian aging. BRCA1 mutation carriers undergo earlier menopause, suggestive of decreased
ovarian reserve [73-76]. Similarly, DNA repair gene and protein activity in the ovary decreases
with age [76, 77] illustrating the relationship between DNA DSB repair and ovarian aging. The
Atm™" females spent ~25% more time in the diestrus phase of the estrous cycle. Further, the
reduced follicle numbers in the absence of PM exposure supports our observation of altered
estrous cycles in the Atm*”" females, indicative of POF. When reproductive aging begins, the
disorganization of the estrous cycle is characterized by cycles with varying lengths and declining
fertility [78]. These results suggest that carriers of the Atm mutation may experience earlier
menopause onset in addition to subfecundity.

In conclusion, these findings identify proteins involved in the ovarian response to the
genotoxicant, PM. This study also underscores the importance of ATM protein to the ability of
the ovary to mount the OPR to a genotoxicant. Further, proteins that may be involved in an
ATM-independent ovarian response to a DNA damaging insult have been identified, which

could lead to therapeutic targets to improve fertility in females who undergo anti-cancer
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treatments. In addition, the data herein provides strong support for a role of ATM in regulating
how follicles that retain DNA damage are shunted towards an atretic demise, further highlighting
the importance of ATM in multiple roles in coordination of the OPR. These findings are of
importance to women undergoing cancer treatment for whom lessening the ovotoxicity side
effects are of paramount importance. The information reported herein also has value for Atm*"
human carriers and women who experience idiopathic POF. Finally, these data add to the basic

understanding of the OPR that is mounted to maintain germline integrity and ovarian function.

Figure Legends

Figure 1. Impact of Atm deficiency on estrous cyclicity. The percentage time spent in
proestrus (A), estrus (B), metestrus (C), diestrus (D) phase of the estrous cycle was calculated
based upon vaginal cytological assessments in wildtype (WT) and Atm*" mice. Difference from

WT is indicated by * = P < 0.05.

Figure 2. Atm deficiency reduces follicle number and alters PM-induced ovotoxicity.

Representative hematoxylin and eosin stained ovarian sections from (A) WT CT; (B) WT PM,;

(©) Ath_ CT; or (D) Ath_ PM are presented; scale bar = 200 um. Follicles were classified as
(E) primordial; (F) primary; (G) total and counted. Bars represent mean follicle number + SEM.

Difference between treatments is indicated by the # = P < 0.1, * = P <0.05.

Figure 3. Effect of Atm deficiency and PM exposure on DNA damage proteins. Primary

antibodies directed against (A) ATM, (B) yH2AX, and (C) BRCAL were used to determine

. . . . /- /- . ..
ovarian localization in WT CT; WT PM; Atm+ CT; and Atm+ PM mice. Green staining
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indicates the protein of interest while DNA is stained in blue; scale bar = 50 um (20x
magnification (0.5x-1x zoom). Double tailed arrow indicates theca cells; dotted tail arrow
indicates granulosa cells; O indicates oocyte. Quantification of mean fluorescence intensity
and/or immunopositive foci = SEM for (A’) ATM; (B’) YH2AX; (C’) BRCAL. Difference

between treatments is indicated by * = P < 0.05.

Figure 4. Effect of Atm deficiency and PM exposure on cell death proteins. Primary

antibodies directed against (A) CASP3, and (B) CYCS were used to determine ovarian

localization in WT CT; WT PM; Ath' CT; and Ath- PM. Green staining indicates the protein
of interest while DNA is stained in blue; scale bar = 50 um (20x magnification (0.5x-1x zoom).
Dotted tail arrow indicates granulosa cells; O indicates oocyte. Quantification of fluorescence
intensity and/or immunopositive foci + SEM for (A’) CASP3; and (B’) CYCS. Difference

between treatments is indicated by #= P < 0.1, * = P <0.05.

Figure 5. Global proteomic effects of Atm deficiency and PM exposure. The Venn diagram
presents the number of ovarian proteins identified as being unique to genotype/treatment or
altered in common by genotype/treatment. (A) Proteins identified as increased; (B) Proteins
identified as decreased. The number in the orange oval indicates the number of proteins
identified in the Atm*" CT as being different from the WT CT group; the blue oval indicates the
number of proteins identified in the WT PM group as being different from the WT CT; the green
oval indicates the number of proteins in the Atm*” PM group that differ from the Atm*" CT; and
the red oval indicates the number of proteins in the Atm*"~ PM group that differ from the WT PM.

Overlapping areas of the circles illustrate the number of proteins that were altered by two or
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more groups. Distribution of the proteins identified in (C) Atm™/WT CT and (D) Atm*"/WT

PM according to PANTHER protein class.

Figure 6. Ovarian localization of CYFIP1 and XPO2. The ovarian location of CYFIP1 and
XPO2 proteins were assessed by immunofluoresence staining. (A) CYFIP1 (5x magnification);
(A”) CYFIP1 (20x magnification); (B) XPO2 protein were localized in the ovary of WT CT; WT
PM; Ath' CT; and Ath' PM mice. Green staining indicates the protein of interest while DNA
is stained in blue; 5x magnification scale bar = 200 um, 20x scale bar = 50 um. Dotted tail
arrow indicates granulosa cells; solid arrow indicates ovarian surface epithelium; white box

indicates area imaged for 20x magnification; blue dotted circle indicates ovarian medulla.
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