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Abstract

The underlying mechanism behind age-induced wastage of the human ovarian follicle reserve is
unknown. In this study, we identify impaired ATM (ataxia-telengiectasia mutated)-mediated DNA
double strand break (DSB) repair as a cause of aging in mouse and human oocytes. We show that
DSBs accumulate in primordial follicles with age. In parallel, expression of key DNA DSB repair
genes BRCA1, MRE11, Rad51, and ATM, but not BRCAZ, decline in single mouse and human
oocytes. In BRCA1-deficient mice, reproductive capacity was impaired, primordial follicle counts
were lower, and DSBs were increased in remaining follicles with age relative to wild-type mice.
Furthermore, oocyte-specific knockdown of BRCA1, MRE11, Rad51 and ATM expression
increased DSBs and reduced survival while BRCA1 overexpression enhanced both parameters.
Likewise, ovarian reserve was impaired in young women with germline BRCAI mutations
compared to controls as determined by serum concentrations of anti-mullerian hormone. These
data implicate DNA DSB repair efficiency as an important determinant of oocyte aging in women.
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INTRODUCTION

Among the major challenges in women’s reproductive health are the age-related decline in
reproductive performance and a parallel increase in chromosomally abnormal conceptions.
The decline in reproductive performance or oocyte quality is closely tied to the decline in
ovarian follicular reserve. Human ovarian follicle reserve is established in utero and shows a
continuous decline thereafter. Despite the fact that approximately one million oocytes are
present at birth in the human ovary, only around 500 of those ovulate during reproductive
life, and the remaining 99.9% are wasted [see fig. S1 for a representation of human ovarian
follicle development (1)]. The decline in ovarian reserve is nonlinear and seems to accelerate
with age (2—4). This leads to near complete exhaustion by the mean age of 51 to 52 years
(2). The causes of this high attrition and the mechanism of its acceleration in later
reproductive ages are unknown. If this mechanism is identified, then targeted treatment
strategies may be developed to improve reproductive performance and delay menopause.
Mathematical models suggest that if the depletion of ovarian follicle reserve could be slowed
down, menopause could be delayed to age 71 (2).

Cells encounter DNA damage induced by both external and internal factors. Among the
various types of DNA damage induced by environmental genotoxins, DNA double-stand
breaks (DSBs) are the most deleterious type of damage and can substantially alter genetic
integrity. The ataxiatelangiectasia mutated (ATM)-mediated DNA damage-signaling (DDS)
pathway regulates the repair of DNA DSBs via a homologous recombination mechanism
(fig. S2). For cases in which the DNA damage cannot be repaired, cells are eliminated by
apoptotic cell death or undergo senescence—complete withdrawal from the cell cycle—to
avoid severe mutagenic consequences (5).

BRCAI1and BRCAZ are crucial members of the ATM-mediated DSB repair family of genes,
and mutations in the BRCA genes are associated with risk of breast, ovarian, and other
cancers (6, 7). The BRCAL protein functions synergistically with the RAD51 protein, which
performs a key role in homologous recombination during DNA repair and may also regulate
mitotic progression in concert with the cell-cycle checkpoint protein kinase CHK2 (8). The
loss of BRCAL1 results in genetic instability, triggering a p53-mediated cell cycle checkpoint
(9). Although BRCAL1 is predominantly involved in cell cycle control, and through its
association with Rad51 (10), with homologous recombination repair of DNA DSBs, the
biological role of BRCAZ2 appears to be confined to homologous recombination (11).

We previously reported that women who carry germline mutations in the BRCA1 gene show
low response to ovarian stimulation while undergoing fertility preservation by oocyte or
embryo cryopreservation (12). Recent research also suggests that women with BRCA1
mutations may experience earlier menopause (13). These observations support the possible
role of DNA DSB repair in maintenance of human ovarian reserve and suggest that ovarian
reserve is prematurely diminished in women with BRCA1 mutations.

Chemotherapy exposure induces DSBs in human and rodent oocytes, which triggers a DNA
repair response by ATM-mediated DDS pathways, and rodent oocytes possess the capacity
to repair DSBs generated by genotoxic stressors (14, 15). Here, we studied the role of
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BRCAI, BRCA?Z, and associated DSB repair genes in the maintenance of oocyte reserve in
human and mouse ovaries. We hypothesized that DNA DSB repair is vital for the
maintenance of oocyte reserve and that the decline in its efficiency with age plays a key role
in ovarian aging.

Increased DSBs in aging mouse and human oocytes

If DNA DSB repair efficiency decreases with age then DNA DSBs should accumulate in
oocytes over time. As a first test of this hypothesis, we used Friends leukemia virus B (FVB)
mice, which show a significant decline in ovarian reserve between 4 to 5 weeks of age
(“young”) and 11 to 12 months of age (“old”). By proportion, 11 to 12 months in FVB mice
corresponds to the late third decade of life in women, when oocyte reserve and quality show
significant declines (16). We first immunostained ovarian sections from “young” and *“old”
mice (A=8/group) with an antibody to histone yH2AX (anti-yH2AX) to determine the
extent of DSBs in primordial follicle oocytes. Histone H2AX, one of the several variants of
the nucleosome core histone H2A, becomes phosphorylated on serine 139 in response to
DSBs (yH2AX). Within seconds of DSB formation, yH2AX foci are formed at the site of
DNA damage, which can be detected by confocal microscopy or immunohistochemistry to
quantify DNA damage. Foci of yH2AX represent DSBs in a 1:1 manner, enabling sensitive
quantification of DSBs (17).

We found that the percentage of yH2AX-positive primordial follicles (see fig. S1 for
overview of ovarian follicle stages) increased significantly in the old vs. young mice (58.5%
+3.7 vs. 32.6%=2.5, A<0.001; Student’s ttest) (Fig. 1A). In parallel, mean -yH2AX-foci
increased significantly in immature (prophase-I) germinal vesicle (GV)-stage oocytes (18)
(fig. S3) obtained from antral follicles of old versus young mice (1,297.9+193 vs. 436.2

+ 64.4, P<0.001; Student’s ttest; Fig. 1B). The percentage of yH2AX-positive granulosa
cells (somatic cells that surround the oocyte and produce sex hormones; fig. S1) in
developing follicles of FVB mice did not show a difference between young and old mice
(fig. S4A), indicating the lack of an age-related increase in DSBs in the non—germ cell
component of the ovarian follicles.

Similar to mice, DSBs were increased with age in human primordial follicles [19.0%zx5.1 in
group < 14 years (yrs) vs. 63.6%6.5 in group >21yrs, £<0.01; Student’s ¢test) (Fig. 1C)
and GV oocytes (593.8+181.8 in group = 35yrs vs. 55.8+19.8 in group < 28 yrs of age,
FP<0.05; Student’s ttest] (Fig. 1D).

Decreased expression of DNA DSB repair genes in aging mouse oocytes

To determine the underlying reason for the accumulation of DNA-damaged oocytes with
age, we subjected individual mouse oocytes to quantitative reverse transcription—polymerase
chain reaction (QRT-PCR) (Fig. 2) and found that the expression of BRCA1 (£<0.01;
Student’s ttest) (Fig. 2A), MRE11 (P<0.001; Student ¢test) (Fig. 2C), Rad51 (F<0.01;
Student’s ttest) (Fig. 2D), and ATM (P<0.001; Student’s ttest) (Fig. 2E), but not BRCAZ2
(P=0.201; Student’s ttest) (Fig. 2B), declined profoundly in old mice compared to the
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young. The additional genes were selected on the basis of their association with BRCA
function and key roles in the DDS pathway: MRE11 in sensing DNA damage, Rad51 in
homologous recombination, and ATM as the orchestrator of the DDS pathway (4, 11, 19).
Likewise, we observed a parallel decline in the protein expression patterns of BRCAL,
Mrell, Rad51, and ATM, (Fig. 2, F to J) but not BRCA2 (Fig. 2B). These findings suggest
that diminished DSB repair in aging oocytes leads to the accumulation of potentially lethal
DSBs with age.

Decline of DSB repair gene expression with age in human oocytes

Next, we analyzed the expression of key DNA DSB repair genes in single human oocytes
isolated from 24 individuals. Mean BRCA1 gene expression showed a significant age-
related decline (r=0.60; £<0.001 by linear regression analysis and Student’s ¢test) (Fig. 3A).
Consistent with the anti-mullerian hormone (AMH) data in human BRCA mutation carriers
(see below), BRCAZ gene expression did not show a significant correlation with age in the
same oocytes (r=0.1, £=0.75 by linear regression analysis and Student’s ¢test) (Fig. 3B).
Furthermore, we observed an age-related decline in expression of MRE11 (r=0.447, £<0.03
by linear regression analysis and Student’s ¢test) (Fig. 3C), Rad51 (r=0.5, P<0.004 by linear
regression analysis and Student’s ¢test) (Fig. 3D), and ATM (r=0.4, P<0.003 by Linear
regression analysis and Student’s ftest) (Fig. 3E) in the same single human oocytes. When
we analyzed the regression curves for gene expression changes after the age of 36 years—
the time when the oocyte reserve is known to deteriorate in an accelerated fashion in humans
(2, 20)—we found that the decline in gene expression was also accelerated for MRE11
(P<0.05; Student’s rtest), Raad51 (£<0.01; Student’s ftest), and ATM (A<0.05; Student’s ¢
test), but not for BRCA1 (P=0.8; Student’s ftest) compared to the decline in gene expression
levels seen in oocytes isolated from women under age 36 (Fig. 3F). For the same older age
group, BRCAZ gene expression showed a nonsignificant negative trend (£=0.08; Student’s ¢
test) (Fig. 3F).

Confirming the findings from gene expression studies, expression of the BRCAL protein, but
not BRCA2, was also lower in oocytes from older individuals relative to the young.
Likewise, the protein expression of corresponding genes was lower in older oocytes (Fig. 3,
G to K). These data indicate a relationship between the age-related decline in human oocyte
reserve and the function of BRCA1, Rad51, MRE11, and ATM but not BRCAZin
reproductive-age women.

Diminished reproductive capacity in BRCAl-mutant mice

The studies above show a strong relationship among BRCAI mRNA expression, DNA DSB
repair, and oocyte aging. To further investigate the mechanisms behind this relationship and
to determine the impact of BRCA function (and hence the importance of intact DNA DSB
repair) on reproductive performance, we studied BRCAI mutant mice (heterozygote,
BRCA1*/A11) and two versions of BRCAZ mutant mice (heterozygote, BRCA2*/227 and
homozygote, BRCA2 A27/A27) ' pRCA 1-deficient homozygous mice were not viable as
previously reported (9).
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We first confirmed that oocytes from BRCAI and BRACZ heterozygous mutant mice had
lower BRCAIand BRCAZ gene expression relative to wild-type mice (Fig. 4A) and hence
were BRCAI or BRCAZ deficient. Likewise, we showed that BRCA2 227827 mouyse
oocytes did not express exon 27 of the BRCAZ gene (Fig. 4B). Consistent with our previous
data in women (12), we found that BRCA1*/211 mice (A=3 mice/group) produced fewer
oocytes in response to ovarian stimulation compared with wild-type mice (14+7.8 vs.
33.3+0.9; £<0.05; Student’s ttest; Fig. 4C) and had smaller litter sizes after mating (5.6+1.5
vs. 7.6+1.4 pups; P<0.05; Student’s ttest, A=8/group) (Fig. 4E). The total primordial follicle
numbers per ovary were lower in both 5-day (2,292.5+163.8 versus 3,108+96.1; A=6/group;
F£<0.01, Student’s ttest) (Fig. 4, G, L, and N) and 4-month-old (408.3+63.4 versus
702.9+79.5; N=6/group; A<0.05, Student’s rtest) (Fig. 4, G and P) BRCA1*/A11 mice
relative to wild-type mice (Fig. 4, K, M, and O). A significantly higher percentage of
follicles became yH2AX-positive by 4 months of age in BRCA1 */A11 mice compared with
wild-type mice (75.7+2.7 vs. 58.8+3.6, A=6/group; £<0.01, Student’s ttest (Fig. 4, I, Q, and
R), indicating that the mutant mice had a higher propensity for accumulating DNA damage
postnatally as a result of deficient DSB repair. In contrast, BRCA2*/227 and BRCA2227/A27
mice had similar oocyte yields (Fig. 4D) and litter sizes (Fig. 4F) as wild-type mice. Neither
the follicle numbers (Fig. 4H) nor the yH2AX-positivity (Fig. 4J) differed when
BRCA2*/A27 and BRCA2A27/A27 mijce were compared to wild-type mice [by analysis of
variance (ANOVA)]. The percentage of yH2AX-positive granulosa cells of developing
follicles did not different between the 4-month-old BRCA1*/211 mice and the wild type (fig.
S4B).

Together, these data show that the BRCA1 but not the BRCAZ gene plays a role in ovarian
aging and establish that intact DNA DSB repair is fundamental in the maintenance of oocyte
reserve and genomic integrity.

Impact of BRCAL1 and related genes in the ATM-mediated DDS pathway on oocyte aging

In our next series of experiments, we first showed that oocytes from old mice (11 to 12
months) exposed to genotoxic stress in vitro (H,05) had a significantly lower survival
compared to oocytes from young mice (3 to 4 weeks) (fig. S5A). These data indicated that
aging oocytes indeed have a reduced capacity to repair DNA damage.

To further investigate the acute oocyte-specific functions of BRCAI and associated ATM-
mediated DDS pathway genes in guarding the oocyte genome and cell survival, we injected
young FVB mouse oocytes with BRCA1-, MRE11-, RAD51-, and ATM-targeted small
interfering RNAs (siRNASs) as well as an “all-star negative control SiRNA” as a sham
control. The siRNA-treated oocytes were then exposed to H,O, to induce genotoxic stress.
All oocytes with siRNA-downregulated gene expression showed significantly higher mean
numbers of yH2AX-positive foci compared to sham siRNA-treated oocytes: sSiBRCAL
(816+260.16, A<0.003; Student’s ftest), SIMRE11 (720.6+195.5, £<0.04; Student’s ¢test),
siRad51 (721+238.86, £<0.02; Student’s ftest) SiATM (541.6+168.3, A<0.01; Student’s ¢
test) all versus scrambled siRNA (268.67+60.79) (Fig. 5A). These findings indicate the
importance of acute and active DNA DSB repair in maintaining oocyte genomic integrity.
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The same siRNA-downregulated oocytes also showed significantly higher fluorescence
intensity of anticaspase 3 (AC-3; an apoptosis marker) after H,0, treatment: sSiBRCAL
(102.96+5.46, A<0.01; Student’s ftest), SIATM (144.8+17.7, A<0.001; Student’s ftest),
SIMRE11 (144.6+10.89, A<0.001; Student’s ttest), and siRad51, (165.6+20.68, A<0.001;
Student’s ttest) all versus scrambled siRNA (65.94+23.85, A<0.01; Student’s ztest). These
observations indicated that interference with ATM-mediated DNA repair resulted in
activation of apoptotic pathways in oocytes (Fig. 5B). After 24 h in culture, those oocytes
treated with BRCAI, MRE11, RAD51, or ATM siRNAs also exhibited reduced survival
compared to the scrambled siRNA-treated oocytes (Fig. 5C) (29.82%, 37.5%, 34.2%, and
44.6% versus 64.81%, respectively £<0.05; Fisher’s exact test); these findings showed that
acute function of the ATM-mediated DNA DSB repair pathway was critical for oocyte
survival. Nearly all of the noninjected control oocytes (51 out of 52, 98.07%) survived under
the same culture conditions.

Next, to confirm that DNA DSB repair is crucial for oocyte survival, we tested whether
BRCAI overexpression can increase resistance to genotoxic stress by exposing mock-
injected and BRCA1 cDNA—injected old mouse oocytes to H,O, and then testing survival
rates compared to those of young oocytes. BRCAI overexpression resulted in survival rates,
in old mouse oocytes after H,O, treatment, that were comparable to those of young oocytes
that had been mock-injected and exposed to genotoxic stress (fig. S5B).

Together, the data described thus far show that intact DNA DSB repair function is acutely
essential in maintaining oocyte genomic integrity and survival and that restoration of
BRCAL function may prolong longevity of aging oocytes.

Lower ovarian reserve in women with BRCA mutations

Next, in an attempt to translate the findings from transgenic mice to women, we assessed the
importance of an intact DNA DSB repair function in the maintenance of ovarian reserves in
human by taking advantage of an “experiment of nature.” We performed the following series
of experiments in a unique population of young women (A=84) who had been tested for the
presence of BRCA mutations.

AMH is a sensitive serum marker that approximates primordial follicle reserve and predicts
menopausal age (21). We prospectively compared serum AMH concentrations in women
with (A=24/group, mean age 34.8+4.8 years) (table S3) and without (A=60/group, mean age
36.3+3.5 years) BRCA mutations and found that those who carry mutations displayed
significantly lower serum concentrations of AMH (1.22+0.92 ng/mL versus 2.23+1.56,
£<0.0001; ANOVA) (Fig. 6) even though the mean ages of the two groups were similar.

When we analyzed the impact of mutations in BRCAI versus BRCAZ on ovarian reserve
compared to those who tested negative for the same (A=60/group, mean age 36.3+3.5 years),
the significance remained for BRCAI mutations [ V=15/group (two patients had both
BRCAI and BRCAZ mutations), mean AMH concentrations=1.12+0.73 ng/mL, ~£<0.0001;
ANOVA] but not for BRCAZ-only mutations (A=9/group, AMH=1.39+1.20, £=0.127,;
ANOVA) (Fig. 6). These data indicate that women with BRCAI mutations have diminished
ovarian reserve and validate in humans the findings from the transgenic mouse models. The
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data are also consistent with lower response to ovarian stimulation (12) and earlier
menopausal age (13) shown previously in human BRCAI-mutation carriers.

DISCUSSION

Here, we show that impairment of DNA DSB repair is associated with accelerated loss of
ovarian follicular reserve and accumulation of DSBs in human oocytes. Moreover, we
demonstrated that the expression of BRCAI and other key genes in the ATM-pathway
decline with age in human oocytes. This decline mirrors the previously reported age-related
diminishment in oocyte reserve (2) and reproductive function (4, 22-24), indicating a
relationship between DNA DSB repair and ovarian aging. In a unique setting of women with
BRCAI mutations and in combination with a BRCAI-deficient mouse model as well as by
using single-cell gRT-PCR studies, we uncovered a compelling central role for DNA repair
efficiency in human ovarian aging. RNA interference experiments showed that acute and
active DSB repair was critical for oocyte survival and genomic integrity. The agreement
between the mouse and human data pinpoints impaired DNA DSB repair as a universal
mechanism of oocyte aging in mammals.

Our findings may also shed light on why there is a significant compromise in reproductive
function during the latter half of the third decade of life (24, 25). We found that while
BRCA1 gene expression declined over the ages of 24 to 41 years, this decline showed a
sharper downward trend for ATM, Rad51, and MRE11 after age 36. It is probable that the
sharper decline in DNA DSB repair via homologous recombination leaves oocyte reserves
more prone to genotoxicants. This situation, in turn, results in the rapid accumulation of
severe DSBs in oocytes, which triggers apoptotic mechanisms and causes the accelerated
elimination of oocytes during later reproductive years. Those oocytes that survive despite the
accumulation of DNA damage may be functionally impaired, which would explain the
decline in reproductive performance during the 10 to 15 years prior to menopause (24, 25).

A careful second look at human diseases of homologous recombination supports our
findings and demonstrates a relationship between DNA repair and maintenance of oocyte
reserve. For example, both in ataxia telengiectiasia mutated syndrome (26) and Fanconi
anemia, reproduction is altered as a result of early depletion of oocyte reserves (27).
Likewise in Bloom syndrome, in which there is a deficiency of homologous recombination
DNA repair, females experience early menopause and infertility (28). Moreover, a recent
meta-analysis of GWASs looking at SNPs associated with age at natural menopause also
identified a number of DNA repair genes as potential susceptibility genes of menopause
(18). Among the genes identified is U/MC1, which encodes a protein that physically
interacts with the BRCAL protein and is thought to recruit BRCAL to sites of DNA damage
and to initiate checkpoint control in the G2/M phase of the cell cycle in human and mouse
cell lines (29).

The siRNA experiments indicated a broader role, in oocyte aging, for DNA DSB repair via
homologous recombination than just the BRCAI gene alone, as interference with expression
of BRCA1, Rad51, MRE11, or ATMresulted in increased DSBs and reduced oocyte
survival. Although the products of all three of these genes collaborate with BRCA1 (30),
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they are also critical in the main function of ATM-mediated DNA DSB repair pathway.
Rad51 is essential in homologous recombination as it is involved in the search for homology
and strand-pairing stages of the process (31). MRE1 functions in homologous
recombination, meiotic recombination, and telomere maintenance (32). The ATM kinase is a
central figure in DSB repair that helps coordinate and integrate repair and checkpoint
functions (33). Hence, the knockdown of any of these essential genes would decrease the
function of the DSB repair complex, resulting in the accumulation of severe DNA damage,
which in turn would trigger cell death mechanisms, explaining reduced oocyte survival.

Although not the focus of this study, we noted yH2AX staining in some granulosa cells of
developing follicles, but this was not affected by aging. The presence of DSBs in granulosa
cells can be explained by their high metabolic activity that results from the cells being in
active mitosis, which presumably creates an oxygen radical-rich environment. It is possible
that one of the key functions of granulosa cells is to shield the oocyte against genotoxic
stress. In fact, granulosa cells are endowed with mechanisms to counteract oxidative stress
(34). In our previous work, we found that the granulosa cells that are exposed to genotoxic
chemotherapy become yH2AX positive and show ATM activation but not all eventually
express AC-3 or become apoptotic (14). This observation indicates that some granulosa cells
are able to repair DSBs and survive. Hence the presence of yH2AX in seemingly healthy
granulosa cells may indicate that the ATM-mediated DSB repair pathway is successfully
carrying out its functions. These findings stress the need for further research on the role of
somatic cells in ovarian aging.

Even though our study points to a broader role of DNA DSB repair via homologous
recombination in oocyte aging in humans, it also has immediate clinical implications for
BRCAI-mutation carriers. Although a retrospective study did not detect a self-reported
impairment of fertility in BRCA-mutation carriers, it could not rule out the possibility of
decline in fertility at later reproductive ages (35, 36). Consistent with this possibility, our
data show that BRCAI-mutation carriers with a mean age of 36 years have lower ovarian
reserves compared to controls as measured by serum AMH concentrations. It is likely that,
as the function of the intact BRCA1 allele and the expression of other ATM-mediated DNA
DSB repair genes decline in oocytes significantly during later reproductive years, the
BRCA-deficiency may become more relevant clinically. This is apparent from the recent
reports of earlier menopause (13) and low response to ovarian stimulation after age 33 years
(12) in BRCA1-mutation carriers. Moreover, because we previously showed that
mammalian oocytes are capable of survival by repairing chemotherapy-induced DSBs (37),
it is possible that women with deficient BRCA function are more likely to lose their ovarian
reserves and fertility after cancer treatments.

It is also possible that BRCAI-mutation carriers are born with lower ovarian reserves as
were newborn BRCAI heterozygous mice in our study (Fig. 4, G, I, and N). Given that
BRCAL1 also plays a role in both mitotic (8) and meiotic (38) processes, the physiological
attrition of oogonia and oocytes may proceed at a higher pace during fetal life when BRCA1
gene function is deficient. Furthermore, BRCA1*/211 mice demonstrated higher percentages
of follicles with DSBs (as shown by yH2AX expression) at 4 months of life but not at birth
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compared to wild type; this implies that impaired DNA DSB repair renders oocytes more
prone to DNA damage in postnatal life.

Even though we did not find a clear relationship between BRCAZ gene function and age in
females younger than 41 years of age, this could be because of a subtler decline in BRCAZ2
gene function with age compared to BRCA1. Supporting this possibility, we observed a
trend toward a decline in oocyte BRCAZ gene expression in women only after 36 years of
age. This subtler decline may not result in a clinically significant level of BRCAZ gene
malfunction until past the reproductive age upper limit of 45 to 46 years.

While ovarian reserve and fertility decline with age, pregnancy failures and meiotic errors
resulting in chromosomally abnormal conceptions increase in parallel (39). Currently, the
mechanism behind this decline in oocyte quality is unknown. Recent research implicated
BRCAL as a key protein in regulating meiotic spindle assembly and spindle assembly
checkpoint activation in mouse oocytes (38), and its expression was associated with an age-
related increase in aneuploidy in the same species (40). Furthermore, MRE11 is also
implicated in efficient chromosome pairing during meiosis in Tetrahymena (41). In addition,
meiotic crossovers, which are regulated by homologous recombination, may also play a role
in meiotic stability, and the frequency of meiotic crossovers (chiasmata) declines with age
(39, 42-45).

We propose a model that ties together these prior observations with our current findings and
explain age-related decline in oocyte reserve and quality under a single mechanism (fig. S6):
As DNA repair efficiency declines with age, DSBs accumulate and an increasing fraction of
oocytes are eliminated to prevent propagation of resultant severe mutations. At the same
time, aneuploidy increases either because of (i) the declining function of BRCAL in meiotic
spindle assembly or (46) (ii) reduced chiasmata (points of DNA cross overs) frequency or
both as the function of ATM-mediated DNA DSB repair pathway genes declines with age.
Our model predicts that as the expression of ATM-pathway genes decline faster during the
third decade of life, the reduction in oocyte reserve and quality accelerates after that stage.
This model is also consistent with the previously proposed connection between telomere
shortening and oocyte aging because of the involvement of ATM-mediated DNA DSB repair
mechanisms in the maintenance of telomeres (47, 48). Investigation of the epigenetic
phenomena that result in the decline of DNA DSB repair with age will likely bring
fascinating insight into human reproductive aging. That in turn may lead to future treatments
that can enhance or maintain DNA repair efficiency and slow down ovarian aging.

MATERIALS AND METHODS

The institutional review boards of New York Medical College (NYMC) and Memorial Sloan
Kettering Cancer Center (MSKCC) approved the clinical study protocols, and written
informed consent was obtained from all participants who took part in the prospective
observational study (NCT00520364). The animal studies were carried out at NYMC in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the U.S. National Institutes of Health (NIH) and the NYMC Institutional Animal
Care and Use Committee. All experiments and analysis were performed in multiple
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replicates and in a blinded fashion. At least two blinded independent observers confirmed
any quantitative assessment. In addition, all data were reviewed, and all statistical analyses
were performed by a biostatistician (F.M.) who was impartial to the study. This ensured that
there was no bias involved in the results analyses.

Recovery of materials

Human—GYV oocytes (those that are resting in the prophase of first meiotic division) were
obtained from females aged 24 to 41 years who had no known cause of ovarian dysfunction
and were either undergoing in vitro fertilization (IVF) procedures for male or tubal factor
infertility or undergoing oocyte collection for fertility preservation. Oocytes were freed of
the cumulus cells by a brief treatment with hyaluronidase (200 1U/ml) in M199 medium at
room temperature. The oocytes to be used for RNA extraction were first snap-frozen in PBS,
and those to be used for immunofluorescence studies were fixed in 4% paraformaldehyde
(PFA). Ovarian tissue was obtained from individuals aged 2 to 28 years who were
undergoing ovarian freezing for fertility preservation or biopsies during elective
gynecological surgery, as well as from organ donors with no known ovarian conditions.

Sera for anti-mdllerian hormone (AMH) analysis were prospectively obtained from
individuals aged 18 to 42 years, who were screened for BRCA mutations because of breast
cancer. AMH analysis was performed by ELISA as described previously (49). The referring
medical or surgical oncologists ordered BRCA testing on the basis of their clinical
assessments; hence, the investigators did not have a role in the BRCA testing decision. Of
the 28 women with BRCA mutations, only those with known clinical significance (A=24)
were included in the final analysis, although the inclusion of other 4 cases did not affect the
final results.

Mouse—Prophase-1 GV oocytes were retrieved from “young” (4 to 5 weeks) and “old” (11
to 12 months) FVB mice 15 h after injection of PMSG (pregnant mare’s serum
gonadotropin, Sigma-Aldrich) (51U). Cumulus oocyte complexes were recovered from
ovaries by repeatedly puncturing the ovaries with fine steel needles. Oocytes were freed of
the cumulus cells by a brief treatment with hyaluronidase (200 IU/ml) in M199 medium at
room temperature.

The oocytes to be used for RNA extraction were first snap-frozen in PBS, and those to be
used for immunofluorescence studies were fixed in 4% PFA.

Ovaries were also extracted from “young” and “old” FVB mice, embedded in paraffin, and
serially sectioned for immunohistochemical analysis.

Immunohistochemistry and immunofluorescence

Immunohistochemistry on ovarian tissue sections from both human and mouse with a
Ser139 phosphorylation—specific yH2AX antibody (IHC-00059; Bethyl Laboratory) was
performed using enzymatic diaminobenzidine (DAB) staining. Nuclei were counterstained
with hematoxylin. Primordial follicles containing a yH2AX-positive oocyte were considered
to be DNA-damaged.
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Immunofluorescence studies on oocytes from humans and mice for yH2AX, BRCAL,
BRCA2, Rad51, Mrell, and ATM proteins were performed as described previously (14)
with antibodies to yH2AX (613402; Biolegend), Brcal (sc-28234;Santa Cruz),
Rad51(ABE257; Millipore), Mrell (4895; Cell Signaling), and ATM (ab78; abcam).
Apoptotic assessment was performed by antibody staining of the apoptotic AC-3 protein
(AF-835, R&D Systems). Stained oocytes were evaluated under a Zeiss LSM 710 confocal
microscope.

Assessment of DNA DSB damage

Extensive nuclear labeling with yH2AX, especially in the form of characteristic foci, is
considered to report the presence of DSBs, which are potentially lethal DNA lesions (14,
50). We assessed age-related increases in DNA damage in oocytes and ovarian tissue
sections by detection of histone H2AX phosphorylation on Ser139 (51) using a phospho-
specific H2AX antibody (52). In performing H2AX analysis in human ovarian tissue and
oocytes, we compared two subject cohorts that were at least 7 years apart in age: 18 to 28
years versus 35 to 42 years in the case of GV oocytes, and 2 to 14 years versus 21 to 28
years in the case of primordial follicles. For the former analyses (GV oocytes)[OK?], the
older age range represented a time when reproductive indices decline in an accelerated
fashion. For the latter analyses (primordial follicles), to achieve meaningful comparisons, we
used only ovarian tissue from females younger than 30 years of age, because the primordial
follicle density is insufficient in ovarian biopsies from older women.

Quantitative analysis of fluorescence images—The oocytes were scanned with a
Zeiss confocal microscope, and z stacks were acquired for 2-pm sections for each sample.
The combined image with maximum intensity signal was then imported to Image J for
quantitative analysis. For yH2AX foci analysis, the nuclear area was captured (as identified
by DAPI staining), and then the software was directed to count the foci. Alternately, for
intensity calculation of AC3 staining, the whole oocyte was selected and the software was
then directed to calculate the mean intensity of AC3 expression for individual oocytes.

gRT-PCR from single mouse and human oocytes

Single oocytes that were previously snap frozen in phosphate-buffered saline (PBS) were
thawed and lysed in cell lysis buffer (9803S; Cell signaling, MA). The lysates of single
oocytes were subjected to two rounds of RNA amplification using the Sensation RNA
amplification kit (SNSAT12; Genisphere, PA). The amplified RNA was purified using the
RNA minieasy kit (74104; Qiagen, MD). The quality and quantity of the RNA was
measured using nanodrop 1000 from Thermo scientific, and the integrity of the amplified
RNA was measured on an Experion capillary electrophoresis setup (Biorad). Amplified
RNA (2 ug) from each samples was taken for reverse transcription using dTVN and N9
primers and Superscript 111 reverse transcriptase, all procured from Invitrogen. The resulting
cDNA was used to perform real-time gPCR with Sybr green on an Applied Biosystems
realtime PCR machine 7300. In order to determine the relative expression of various genes
in the young versus old mice and in human oocytes of varying ages, we used the AACt
method, which makes use of the expression of housekeeping genes. All PCR primers were
procured from Invitrogen (table S1)
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Genotypic and phenotypic analysis of transgenic mice

BRCAI1and BRCAZtransgenic mice were selected based on their sensitivity to genotoxic
stress (9, 53) and obtained from U.S. National Institutes of Health (NIH) repository. The
mice were kept in a temperature and light-regulated room environment with 12h light: 12h
dark cycle and bred in house.

BRCAI-mutant mice carried a deletion of 330 bp in intron 10 plus 407 bp in exon 11 of the
BRCA1 gene (Brcal*/A11). Owing to the deletion, the BRCA1211 gene product is retained in
the cytoplasm, which severely compromises its nuclear functions. BRCA1 AMVALL mice were
not viable and died at E7-8; Brca®1/A11 embryos exhibited both early post-implantation
growth retardation and chromosomal abnormalities (9). Gamma irradiation-induced Rad51
focus formation is impaired in cells in which only BrcalAl1 was expressed (54).

BRCAZ-mutant mice carried a deletion in exon 27 of BRCAZ gene, which codes for
domains that interact with RAD51. This interaction is essential for the homologous
recombination repair function of BRCAZ2 protein. Hence the deletion in exon 27 results in
impaired DNA repair and genetic compromise (53).

Genotyping—After weaning, tail and ear biopsies were obtained and DNA was isolated
for genotyping using manufacturer’s protocol. In short, the biopsies were treated in lysis
buffer supplemented with proteinase K (Invitrogen, USA) at 55°C overnight. The following
day the DNA was precipitated using equal volumes of isopropanol. The pellet washed in
70% ethanol and air-dried. After reconstitution with adequate amount of nuclease free water
(NFW), PCR was performed using gene specific primers (table S2) to identify the genotype.

The primers used for identifying BRCAI wild type were BO04/B005, which amplifies a 450-
bp fragment; and for BRCA1 heterozygous are B004/B007, which amplifies a 550-bp
fragment (9). The primers for BRCAZ wild type were B016/B017 and for BRCAZ knockout
were B016/B018, which both amplify a 700-bp product (55). Upon completion of the PCR
reactions, the products were subjected to electrophoresis on a 2% agarose gel and imaged to
determine the genotype.

Mating—All female mice were housed with heterozygous male mice (2:1 ratio). The pups
were weaned at 3 weeks of age; the litter sizes and gender rates were recorded. Mating
frequency of based on presence of vaginal plugs and fecundity rates were similar to wild
type mice.

Histomorphometric analysis of BRCA mice—Ovaries from wild-type, heterozygous
and homozygous BRCA mice were fixed (10% formalin in PBS), embedded in paraffin, and
serially sectioned. The serial sections (6-um) were mounted on Superfrost/plus glass slides
and stained with hematoxylin and eosin. The primordial (one layer of flattened granulosa
cells) follicles were counted, and total follicle numbers were calculated as previously
described (56-58).
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RNA interference

Approximately 5-10 pl of BRCA1 (50 uM, Qiagen), MRE11, RAD51, and ATM siRNAs
(50 uM, Santa Cruz) or BRCAI cDNA (1ug/uL, Qiagen) were microinjected into the
cytoplasm of fully grown GV oocytes using an Eppendorf FemtoJet (Eppendorf AG,
Hamburg, Germany) with observation under a Leica inverted microscope (M50, Kramer
Scientific, Amesbury, MA) equipped with an Eppendorf transferman NK2
micromanipulator. After injection, the oocytes were cultured in HTF medium with 0.4%
BSA for 8 hours followed by treatment with 250 uM H,0, for 5 min at 4°C, and the oocytes
were then washed in fresh HTF medium three times for 2 min each. The oocytes were then
transferred to fresh HTF medium and cultured under paraffin oil at 37°C in an atmosphere of
5% CO5 in air. The control oocytes were microinjected with 5 to 10 pl of “All-star negative
siRNA” from Qiagen at the concentration of 50 uM following the manufacturer’s protocol.
Each experiment was replicated 3 times. Oocyte survival was determined by previously
published morphological criteria (59). The surviving oocytes were then subjected to yH2AX
and AC-3 staining and were analyzed by confocal microscopy as described above.

Statistical analyses

SPSS 17 for Windows package (SPSS Inc., Chicago, IL) was used for statistical analysis. To
choose the appropriate statistical test, Levene’s test of homogeneity of variances (£ <0.01)
and Kolmogorov-Smirnov test of normality (A<0.01) were performed. Continuous data
(presented as mean+SEM) were analyzed by student ¢test and one-way ANOVA followed
by the least significant difference (LSD) post hoc test. To analyze the relation between two
categorical variables, Fisher’s exact test was performed. The difference was considered
statistically significant if the 2 value was less than 0.05. All analyses were two-tailed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Aging-related DSBsin GV oocytes and ovarian tissue from young and old mice and
humans

(A) Bar graphs show a higher percentage of yH2AX-positive follicles in old (11 to 12
months) compared to young (4 to 5 weeks) mice, A=8/group; *~<0.01; Student’s ¢test.
Adjacent photomicrographs represent yH2AX staining of young and old FVVB mice ovarian
sections; Inset (upper left corner of old mice ovarian tissue) shows a higher magnification of
the right yH2AX(+) primordial follicle surrounded by yH2AX(-) stromal cells in old
ovarian tissue. (B) Bar graphs show a higher number of yH2AX-positive foci per oocyte in
old compared to young mice, A=13/group; *~<0.05; Student’s ftest. Adjacent
photomicrographs represent yH2AX (green) staining and counter staining of DAPI of young
and old FVB mice oocytes. (C) Bar graph shows higher percentage of yH2AX-positive
follicles in age group >20 yrs (A=4/group, age range 21 to 28yrs) compared to age group
<20yrs (AM=3/group, age range 2 to 14yrs; *P<0.01; Student’s ftest). Adjacent
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photomicrographs represent yH2AX staining of human ovarian sections in two different age
groups. (D) Bar graphs show higher numbers of yH2AX-positive foci per oocyte in human
women age group =30 yrs (A=4/group, age range 35 to 42yrs) compared to age group
<30yrs (A5, age range 23 to 28yrs; *A<0.05; Student’s ftest). Adjacent photomicrographs
represent yH2AX (red) staining and counter staining for 4”,6-diamidino-2-phenylindole,
dihydrochloride (DAPI) in human oocytes. Blue arrow head: yH2AX-negative follicle;
black arrow: yH2AX-positive follicle; yellow arrow: yH2AX foci. All bar graphs show the
mean + standard error of the mean (S.E.M.).
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Fig. 2. Expression of DNA repair genes and proteinsin mouse oocytes
Significant decrease in the expression of DNA repair genes in old mice (11 to 12 months)

compared to young mice (4 to 5 weeks) shown by real time PCR. All results are mean +
S.E.M., A=8/group. Bar graphs represent the gene expressions and photomicrographs
represent the protein expressions. The bar graphs show significantly lower levels of
expression for (A) BRCA1, (C) MRE11, (D) RAD51, and (E) ATM in old mice compared
to young mice (**F<0.001; Student’s ztest). (B) Shows a nonsignificant change in BRCAZ
expression levels in old mice compared to young mice (£=0.2; Student’s ftest). The
representative photomicrographs show lower amounts of (F) BRCAL (green), (H) MRE11
(red), (1) RADS51 (red), and (J) ATM (green) protein expression in old mice compared to
young mice. Oocytes were counterstained with DAPI (blue). (G) No significant difference
was detected in BRCA2 protein expression patterns in young and old mice. White arrow
points to the cytoplasm and pink arrow to the nucleus. All bar graphs show the mean +
S.E.M.
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Fig. 3. Expression of DNA repair genes and proteinsin human oocytes
Scatter plots represent the relative expression of DNA repair genes assessed by gRT-PCR in

human oocytes from 24 patients aged 24 to 41 years, some of which show significant age-
related declines. Relative expression is defined as. (A) BRCAI (r=0.60, £<0.001; linear
regression analysis and Student’s ttest); (C) MRE11 (r=0.447, A<0.05; linear regression
analysis and Student’s ftest); (D) RAD51 (r=0.5, A<0.01; linear regression analysis and
Student’s ttest); (E) ATM (r=0.4, £<0.01; linear regression analysis and Student’s ftest)
show a decrease in the expression in old compared to young human oocytes. (B) BRCA2
does not show any significant change in the expression levels as the age progresses (r=0.1,
P=0.75; linear regression analysis and Student’s ¢test). Photomicrographs represent the

protein expression in human oocytes grouped as old (=35 yrs), young (<27 yrs) and all

YOUNG

Page 21

OLD

results are mean + s.e.m. (A=4/group). Representative photomicrographs (F) BRCAL (grey),
(H) MREL11 (red), (1) RAD51 (red), and (J) ATM (green) show decreased protein expression
in old (36 to 41 yrs) compared to young (24 to 35 yrs) human oocytes. (G) No decline in
expression of BRCA2 protein (red) was observed in old compared to young human oocytes.
White arrow points to cytoplasm and pink arrow to the nucleus. Oocytes were counterstained

with DAPI (blue).
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Fig. 4. BRCA-mutant mouse ovarian function
(A, B) Relative BRCA gene expression levels in BRCA-mutant mice. We observed

significant BRCA-deficiency in heterozygous BRCA1*/A11 and BRCA2*/227 mutant mice
and the absence of BRCA gene expression in BRCA2227/A27 homozygous mice (HM)
compared with wild-type mice (WT) (*** £<0.0001 by Student’s #test, **/~<0.001 by
ANOVA, * P<0.05 by ANOVA). BRCA1 HT mice also showed significantly lower MlI
oocyte yield per female (C) (* £<0.01; Student’s ttest), (E) reduced litter size (* £<0.05;
Student’s ttest), reduced primordial follicles per ovary (G, L for 5-day ovary, P for 4-month
ovary; *P<0.05; Student’s ¢test), and a higher percentage of yH2AX-positive follicles (I,

BRCA1**
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R, only in 4-month-old mice, * A<0.01; Student’s #test) verses BRCAI wild-type mice (K,
0, and Q). No difference was observed for the same comparisons for BRCAZHT or HM
mice with WT (D, F, H, and J, analyzed by ANOVA). Panels M and N are enlarged views of
K and L, respectively. Black arrows in panels K, L, M, N, O, and P point to primordial
follicles; black arrows in Q and R point to yH2AX (+) primordial follicles, and blue
arrowheads in Q and R point to yH2AX (-) primordial follicles. All bar graphs show the
mean + S.E.M.
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Fig. 5. Impact of SIRNA silencing of DNA repair geneson genomic integrity and survival of
Mmouse 0ocytes in response to genotoxic stress

In response to H,0, treatment (250 pM) (A) mean number of yH2AX foci increased
(P<0.05; Student’s rtest) and (B) AC3 levels increased (/<0.05; Student’s #test), wherease
(C) survival decreased in the oocytes in which expression of DNA repair genes had been
silenced compared to controls (scrambled siRNA) (Scram) (£<0.05 Fisher’s exact test).
Photomicrographs are representative of the yH2AX foci (green) and AC3 (red) levels in the
siRNA-silenced oocytes: (D) scrambled, (E) BRCAL (F) MRE11, (G) RAD51, (H) ATM.
All bar graphs show the mean + S.E.M. Arrowheads shows nuclear region. Oocytes are
counterstained with DAPI (blue). non inj ctrl, noninjected control oocytes.
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Fig. 6. Diminished ovarian reservein BRCA1-deficient individuals
Women with significant BRCA1 (£<0.0001; analyzed by ANOVA) but not BRCAZ2

(P=0.127; analyzed by ANOVA) mutations had lower mean serum AMH concentrations
compared to those with no BRCA mutations. All bar graphs show the mean + S.E.M.
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