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Increased DNA damage and repair deficiency in granulosa cells
are associated with ovarian aging in rhesus monkey
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Abstract
Purpose Ovarian aging is closely tied to the decline in ovarian
follicular reserve and oocyte quality. During the prolonged
reproductive lifespan of the female, granulosa cells connected
with oocytes play critical roles in maintaining follicle reser-
voir, oocyte growth and follicular development. We tested
whether double-strand breaks (DSBs) and repair in granulosa
cells within the follicular reservoir are associated with ovarian
aging.
Methods Ovaries were sectioned and processed for epi-
fluorescence microscopy, confocal microscopy, and immuno-
histochemistry. DNA damage was revealed by immunstaining
of γH2AX foci and telomere damage by γH2AX foci co-
localized with telomere associated protein TRF2. DNA repair
was indicated by BRCA1 immunofluorescence.

Results DSBs in granulosa cells increase and DSB repair abil-
ity, characterized by BRCA1 foci, decreases with advancing
age. γH2AX foci increase in primordial, primary and second-
ary follicles with advancing age. Likewise, telomere damage
increases with advancing age. In contrast, BRCA1 foci in
granulosa cells of primordial, primary and secondary follicles
decrease with monkey age. BRCA1 positive foci in the oocyte
nuclei also decline with maternal age.
Conclusions Increased DSBs and reduced DNA repair in
granulosa cells may contribute to ovarian aging. Discovery
of therapeutics that targets these pathways might help main-
tain follicle reserve and postpone ovarian dysfunction with
age.
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Introduction

Primordial follicles with associated primary oocytes form be-
fore birth, and after puberty they grow to form primary, sec-
ondary and antral follicles. Only few follicles ovulate during
the human reproductive life span and most undergo atresia.
The ovary contains one million primordial follicles at birth,
but follicle reservoir declines about 1000 follicles each month
during adulthood [1, 2]. By age 50 ovarian reserve is nearly
completely exhausted [3]. Unlike males having germline stem
cells and germ cell renewal, females do not contain germline
stem cells and do not undergo germ cell renewal [4–7],
resulting in a limited reproductive lifespan. Women undergo
follicle depletion and experience menopause by the age of
approximately 50.

During the reproductive lifespan in women, follicles in the
reserve can remain dormant up to 50 years. All cells, including
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oocytes and granulosa cells, are subjected to DNA damage
with age. However, oocytes can repair DNA damage induced
by a variety of factors, including meiotic recombination, UV
and X-irradiation or mutagenic chemicals [8]. Studies using
autoradiography assay show that mouse oocytes do not expe-
rience increased DNA damage with age, and the oocyte’s
capacity to repair UV-induced damage is maintained at a high
level throughout reproductive life [9]. More recent studies
show that chemotherapeutic agents can induce DSBs in hu-
man oocytes [10, 11], and DNA damage double-strand break
(DSBs) repair is impaired in oocytes with advancing maternal
age, perhaps contributing to the reduced developmental com-
petence of oocytes with advancing age [12].

Aneuploidy increases in oocytes and embryos with advanc-
ing maternal age [13]. DNA damage at telomeres could con-
tribute to telomere attrition, contributing to non-disjunction,
miscarriage and Downs syndrome [14–16]. Old mouse oo-
cytes show shorter telomeres than those of young oocytes
[17]. Short telomeres also reduce homologous pairing and
recombination, and cause meiotic abnormality including ab-
errant chromosome alignment at metaphase and disruption of
spindles, resulting in aneuploidy [18–20].

In addition to decreasing oocyte and follicle number, the
microenvironment within follicles and ovaries also could dete-
riorate with age. Particularly, granulosa cells and cumulus cells
are intimately connected with oocytes, and both play critical
roles in oocyte growth and follicular development [21–23].
Development of a competent oocyte depends on the mainte-
nance of homeostasis in the ovarian and follicular microenvi-
ronment. The state of granulosa cells is closely linked to the
developmental competence of the oocyte [24]. Telomere length
in cumulus cells may serve as a biomarker of oocyte and em-
bryo quality [25]. Although granulosa cells show characteristics
of somatic stem cells [6, 26], these cells still undergo telomere
shortening with age [27], possibly due to long-term exposure to
reactive oxygen species, impairment in cellular physiology and
gradual decreasing numbers of follicles [28]. Stem cell dysfunc-
tion provoked by telomere shortening may be one of the mech-
anisms responsible for organismal aging in both humans and
mice [29]. In addition, cellular senescence triggered bymultiple
mechanisms, including telomere shortening and DNA damage,
may be involved in aging [30]. Other somatic cell compart-
ments also could degenerate with age, and these deteriorating
niches may not be suitable for oocyte development. Further
understanding the mechanisms underlying DNA damage and
repair within the follicular compartment may help identify spe-
cific targets to prolong ovarian function with age.

BRCA1 and BRCA2 are members of a family of genes that
play critical roles in DSB repair [12, 31, 32]. BRCA1 is recruit-
ed to sites of double-strand breaks [33].Mutations in the BRCA
gene markedly increase the risk of breast and ovarian cancer
[34, 35]. BRCA1 mutation also can contribute to premature
menopause [36]. In addition, chemotherapy or aging increases

DSBs in mouse and human germ cells and granulosa cells, and
DSB repair maintains ovarian reserve and prevents DNA dam-
age induced ovarian premature aging [11, 12, 37]. Moreover,
BRCA1/2 is involved in telomere maintenance [33, 38–41].

The Rhesusmonkey is the experimental animal most close-
ly related to human beings. Reproductive physiology and ag-
ing in Rhesus monkeys closely model these processes in
women [42]. Rhesus monkeys live about 35 years, reach pu-
berty at 3–5 years old, ovulate one egg each month, and main-
tain fertility for about 20 years, after which follicle numbers
decline, and menopause ensues [43, 44]. We tested the hy-
pothesis that DNA damage increases and the DNA repair pro-
tein BRCA1 decreases in granulosa cells with advancing age
in the Rhesus monkey.

Materials and methods

Collection of tissues

General care and housing of rhesus monkeys were provided at
Guangxi Xiong Sen Primate Experimental Animal Develop-
ment Corporation. Use of monkeys for this study and the pro-
tocol for collecting monkey tissues were approved by the Insti-
tutional Animal Care and Use Committee at Nankai University.
Female monkeys were randomly chosen from three groups
according to their reproductive ages at 3–4 years (young), 7–
8 years (middle-aged) and 18–19 years (old), with three mon-
keys in each age group. Rhesus monkeys were euthanized, and
ovaries collected. The monkeys were not at menstrual phase
when thematerials were collected. Half of each ovary was fixed
in 4% paraformaldehyde for 24 h at room temperature and then
embedded in paraffin. Another half of each ovary was cut into
small pieces, snap-frozen in liquid nitrogen and stored at
−80 °C for RNA and DNA extraction.

Immunocytochemistry and fluorescence microscopy

The method for immunofluorescence microscopy was de-
scribed [6], but with different antibodies used here. Briefly,
after de paraffinizing, rehydrating and washing in 0.01M PBS
(pH 7.2–7.4), sections were incubated with 3 % H2O2 for
10 min at room temperature to block endogenous peroxidase,
subjected to high pressure antigen recovery sequentially in
0.01 % citrate buffer (pH 6.0) for 3 min, incubation with
blocking solution (5 % goat serum in PBS) for 2 h at room
temperature, and then with the diluted primary antibodies
overnight at 4 °C. Blocking solution without the primary an-
tibody served as negative control. After washing with PBS,
sections were incubated with appropriate secondary antibod-
ies (Alexa Fluor®488 or 594, Invitrogen), then stained with
1 μg/ml Hoechst 33342 for 10 min to reveal nuclei, washed,
mounted in Vectashield (H-1000, Vector Laboratories,
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Burlingame, CA, US), and photographed with a Zeiss Axio
Imager Z1 (Carl Zeiss). Confocal images were captured using
Leica TCS SP5 confocal microscope. The following primary
antibodies were used for immunocytochemistry: γH2AX
(4411-pc-020, TREVIGEN, 1:400), TRF2 (05–521,
Millipore, 1:400), and BRCA1 (SC-28234, Santa Cruz,
1:200).

Foci counts

Fixed specimens were dehydrated with graded alcohols,
cleared in xylene and embedded in paraffin wax. Serial
5 μm sections of half of each ovary were cut and placed on
silanized slides. Sections were co-immunostained with
γH2AX and TRF2 or BRCA1, and analyzed for the number
of foci in different cells. Follicles were classified into different
category depending on their developmental stages [45]. Pri-
mordial, primary and intermediate-stage (compact or enlarged
oocyte with a single layer of mixed flattened and cuboidal
granulosa cells) follicles were identified by the presence of
an oocyte surrounded by a single layer of flat, squamous or
cuboidal granulosa cells. Secondary growing follicles were
characterized as having more than one layer of granulosa cells
with no visible antrum. Antral follicles possessed small areas
of follicular fluid (antrum) or a single large antral space
(Fig. S1 and 3a). Cortex somatic cells were cells in ovary
cortex other than follicles and blood cells.

We serially sectioned one half of an ovary from each ani-
mal and randomly selected eight sections for immunostaining
using each antibody on six slides for each monkey age group.
Four images at different fields for each follicle category were
randomly selected for each slide section, providing a total of
24 images for each follicle category for each monkey age
group. Ten follicle images taken from three monkeys were
randomly used for counts of foci in granulosa cells and 10
granulosa cells of one randomly selected follicle counted, so
total of 100 granulosa cells were counted in most cases for
each follicle category by conventional epi-fluorescence mi-
croscopy for young and middle-age monkeys (number of cells
counted is labeled in the figures).

The Z-serial confocal images of granulosa cells were taken
along the Z-axis at a step of 0.5 μm from top to the bottom of
each section, and then 3D reconstruction into one image was
performed. Counting of foci for confocal images of granulosa
cells was the same as described for fluorescence microscopy
images.

Immunohistochemistry for detection of BRCA1
by reaction with diaminobenzidine (DAB)

Slides were de paraffinized and rehydrated, incubated in 3 %
H2O2 for 10 min at room temperature to block endogenous
peroxidase, and incubated sequentially with 5 % goat serum

for 2 h after high-pressure antigen recovery, BRCA1 antibody
diluted 1:200 in blocking solution at 4 °C overnight, and then
HRP polymer-goat anti-rabbit IgG (Maixin_Bio, Beijing, Chi-
na) for 30 min. Signals were detected by 3,3-diaminobenzi-
dine substrate (Maixin_Bio). Slides were slightly counter-
stained with hematoxylin (Sigma-Aldrich, St. Louis, MO,
US) and examined using light microscopy. Negative controls
were incubated with blocking solution containing no
antibody.

Telomere measurement by quantitative real-time PCR

Genomic DNA was extracted from ovaries using DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA, USA). Relative
telomere length was measured using quantitative real-time
PCR assay, as previously described [46]. PCR reactions were
performed on the iCycler iQ real-time PCR detection system
(Bio-Rad, Hercules, CA, USA), using telomeric primers,
mTel-F: CGGTTTGTTTGGGTTTGGGTTTGGGTTTGG
GTTTGGGTT, mTel-R: GGCTTGCCTTACCCTTACCCTT
ACCCTTACCCTTACCCT, and primers for the acidic ribo-
somal phosphoprotein P0 (36B4, single copy gene as refer-
ence), 36B4-F: ACTGGTCTAGGACCCGAGAAG, 36B4-
R: TCAATGGTGCCTCTGGAGATT. Equal amount
(35 ng) of DNAwas used for each reaction, and PCR settings
(for both telomere and 36B4 products) were as follows:
10 min at 95 °C, followed by 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. For each PCR reaction, reference DNA
sample was diluted by two fold per dilution to produce five
concentrations and generated a standard curve. Two separate
PCR runs were performed for each sample and primer pair. A
point on the standard curve was used as a calibrator.

Statistical analysis

Statistical analyses were performed by ANOVA and means
compared by Fisher’s protected least-significant difference
(PLSD) using StatView software from SAS Institute Inc.
(Cary, NC). P-value <0.05 or lower was considered statistical-
ly significant.

Results

Increased DSBs in granulosa cells of follicles with monkey
age

Consistently, primordial, primary, and secondary follicles
were reduced in ovaries with advancing maternal age
(Fig. S1). Only few follicles and rarely antral follicles were
found in ovaries of old monkeys.

DNA DSBs can be identified by the specific molecular
marker γH2AX foci [47]. We examined DNA damage
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response using γH2AX immunostaining and TRF2 to mark
telomeres of ovaries collected from young (3–4 years old,
abbreviated as ‘Y’), middle-age (7–8 years old, ‘M’) and old
age (18–19 years old, ‘O’) monkeys. DNA damage foci iden-
tified by γH2AX increased in granulosa cells of primordial
and primary follicles with advancing age. Average γH2AX
foci were 9.9±0.4, 13.6±0.6, and 15.5±1.0, respectively in
ovaries from young, middle age and older monkeys (Fig. 1a
and b). Also, DNA damage at telomeres, as shown byγH2AX
foci co-localized with TRF2, known as Telomere
Dysfunction-Induced Focus (TIF) [48], increased in primordi-
al and primary follicles with advancing monkey age (Fig. 1c).
Likewise, DNA and telomere damage foci increased in gran-
ulosa cells of secondary follicles with advancing age. The
average telomere damage TIF foci for young, middle-age,
and old monkeys were 0.6±0.07, 0.3±0.06, and 1.7±0.1, re-
spectively (Fig. 2).

Old monkeys rarely show antral follicles, so we only com-
pared DSBs only in granulosa cells of antral follicles from
young and middle-age monkey ovaries. It appeared that
DNA damage was increased in granulosa cells of antral

follicles, but telomere damages were reduced from middle-
age monkeys, compared with young monkeys (Fig. 3b–d).
We also counted DSB foci in cumulus cells of antral follicles
from young and middle-age monkeys, as cumulus cells can be
distinguishable from mural granulosa cells for antral follicles
with clear cavity. DSB foci in cumulus cells increased in
middle-age compared to young monkey ovaries (Fig. 3), sim-
ilar to mural granulosa cells. DNA damage of randomly se-
lected somatic cells in the ovarian cortex does not change as a
function of age. Old monkeys did show increased telomere
damage in somatic cells (Fig. S2).

BRCA1 in the oocytes decreases with monkey age

Increased DSBs in granulosa cells and oocytes with maternal
age could be related to deficiency of DNA repair. We exam-
ined DNA repair by immunostaining for BRCA1 in ovarian
sections. Immunostaining of BRCA1 in Hela cells as positive
controls [49]. Specific BRCA1 foci were observed in Hela
cells, but only non-specific background when BRCA1 anti-
body was omitted (Fig. S4). At low magnification, BRCA1

Fig. 1 Immunofluorescence microscopic analysis of markers for DSBs
and telomeres in granulosa cells of primordial & primary follicles in adult
monkey ovaries by co-immunostaining of γH2AX and TRF2. a
Representative morphology of two granulosa cells in primordial &
primary follicles in the ovaries of monkeys at various reproductive ages
(young, Y, 3–4 years; middle-age, M, 7–8 years; and old, O, 18–
19 years). b Number of γH2AX foci in granulosa cells of primordial &
primary follicles c Number of γH2AX and TRF2 colocalization foci of
primordial & primary follicles. Scale bar=10 μm; Error bars show
mean+SEM. *P<0.05; ***P<0.001. n=number of nuclei counted

Fig. 2 Immunofluorescence microscopic analysis of markers for DSBs
and telomeres in granulosa cells of secondary follicles in adult monkey
ovaries by co-immunostaining of γH2AX and TRF2. a Representative
morphology of two-three granulosa cells in secondary follicles in the
ovaries of monkeys at various reproductive ages. b Number of γH2AX
foci in granulosa cells of secondary follicles. c Number of γH2AX and
TRF2 colocalization foci in granulosa cells of secondary follicles. Scale
bar=10 μm; Error bars show mean+SEM. ***P<0.001. n=number of
nuclei counted
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immunofluorescence was visible in cytoplasm of oocytes.
Young and middle-age ovaries contained many BRCA1 pos-
itive oocytes in primordial and primary follicles, in contrast to
markedly reduced BRCA1 positive oocytes/follicles in old
monkeys (Fig. 4a). Observations from immunofluorescence
microscopy were confirmed by immunohistochemistry, show-
ing BRCA1 as brownish staining from the DAB reaction in
primary oocytes from primordial and primary follicles of
young ovaries. BRCA immuno staining decreased dramatical-
ly in ovaries from old monkeys (Fig. 4b).

At higher magnification under immunofluorescence mi-
croscopy, BRCA1 stained the cytoplasm of oocytes from pri-
mordial and primary follicles in young and middle-age mon-
keys (Fig. 4c). BRCA1 immunostaining was not found in old
monkeys. Moreover, more BRCA1 foci (>20) were found in
the germinal vesicle (GV) of oocytes from young than from
middle-age monkeys (Fig . 4c) . Consis tent wi th

immunofluorescence microscopy, immunohistochemistry at
higher magnification revealed that most oocytes in primordial
and primary follicles from young and middle-age monkeys
exhibited nuclear staining for BRCA1, whereas oocytes from
old monkeys showed only weak or no staining for BRCA1.
Similarly, young and middle-age monkeys showed BRCA1
nuclear staining in oocytes of secondary follicles, but old
monkeys had only rare and weak BRCA1 nuclear staining
(Fig. S5).

BRCA1 in granulosa cells decreases with monkey age

We also analyzed BRCA1 expression in granulosa cells.
BRCA1 formed discrete foci in the nuclei of granulosa cells
from primordial and primary follicles, although some cyto-
plasmic BRCA1 could be seen. BRCA1 foci were reduced
from young, middle-age, to old monkeys (Fig. S6, S7A and

Fig. 3 DSBs and telomeres in granulosa cells or cumulus cells of antral
follicles in adult monkey ovaries by co-immunostaining of γH2AX and
TRF2, or only γH2AX. a Histology showing granulosa cells in the
primordial & primary, secondary and mature antral follicles of monkey
ovaries. Scale bar=50 μm; Note, antral follicles are rarely found in old
monkey ovaries, so not available for analysis. b Representative
morphology of single granulosa cell in antral follicles in the ovaries of
young and middle-age monkeys. c Number of γH2AX foci in granulosa
cells of antral follicles. d Number of γH2AX and TRF2 co-localization
foci in granulosa cells of antral follicles. Scale bar=10 μm; Error bars
show mean+SEM. ***P<0.001. n=number of cells counted. e-h

Immunostaining and confocal imaging analysis of γH2AX foci in the
cumulus cells of healthy antral follicles. e Immunostaining images by
epi-fluorescence microscopy of γH2AX foci in cumulus cells of
follicles in monkey ovaries. f Average number of γH2AX foci in
cumulus cells of healthy antral follicles by epi-fluorescence microscopy.
gConfocal images by 3-D reconstruction ofγH2AX foci in cumulus cells
of follicles in monkey ovaries. h Average number of γH2AX foci in
cumulus cells of healthy antral follicles by 3-D reconstruction. e Scale
bar=20 μm, (G) Scale bar=10 μm; Error bars show mean+SEM.
**P<0.01; ***P<0.001. n=number of cells counted
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B).Maternal age-associated decrease in expression of BRCA1
foci also was found in granulosa cells of secondary follicles,
like that of primordial and primary follicles (Fig. S7C and D).
Since antral follicles rarely could be found in old monkey
ovaries, we only compared the BRCA1 expression in young
and middle-age monkey ovaries. BRCA1 foci did not differ
much in granulosa cells of antral follicles between young and
middle-age monkey ovaries (Fig. S7E and F).

Epi-fluorescence microscropy only detected a few foci in
images taken from each section, so we performed confocal
microscopic analysis by three-dimensional reconstruction of
the scanned images taken from the upper to the bottom of the
section that is close to the whole nucleus. The trend for
BRCA1 foci to decrease with the age as shown by confocal
microscopy is consistent with that revealed by epi-
fluorescence microscopy (Fig. S7), but confocal microscopy
detects more BRCA1 foci (Fig. 5). Granulosa cells of primor-
dial and primary follicles from young and middle-age mon-
keys showed a large number of BRCA1 foci (23.8±1.2 and

22.9±1.4, respectively). These foci were reduced in old mon-
keys (9.8±0.7, P<0.0001) (Fig. 5a and b). BRCA1 foci in
granulosa cells of secondary follicles also were reduced from
young, middle-age (>20 foci) to old (<12 foci) monkeys
(Fig. 5c and d). However, frequency of BRCA1 foci in gran-
ulosa cells did not differ much between young and middle-age
monkey ovaries. Antral follicles also did not show difference
in BRCA1 foci between young and middle-age monkeys
(Fig. 5e and f). These data suggest significantly decreasing
DNA repair function in granulosa cells of older monkey
ovaries.

Telomere length in monkey ovaries

Wemeasured telomere length by qPCR in the monkey ovarian
tissues.Wewere unable to isolate individual oocytes and gran-
ulosa cells to determine telomeres in specific cell types, due to
the limited amount of live material. Telomeres shortened with
advancing monkey age, although the difference did not reach

Fig. 4 Immunocytochemistry and immunohistochemistry of DSB repair
related gene BRCA1 in the ovaries of monkeys at various reproductive
ages. a Representative images of immunofluorescence microscopy of
DSB repair related gene BRCA1 examined at low magnification. Scale
bar=100 μm. b Immunohistochemistry of BRCA1 in monkey ovaries by
DAB reaction. Sections of ovaries of monkeys at various reproductive
ages were immunoreactively stained by BRCA1 antibody and exposed to
DAB for the same short period of time. Sections without incubation with

BRCA1 antibody did not show brownish staining following reaction with
DAB and served as negative control. Scale bar=50 μm. c BRCA1
immunofluorescence and average foci in the oocytes of primordial &
primary follicles from ovaries from young (Y), middle-age (M)
monkeys. The white broken circles indicate area of a GV nucleus. Scale
bar=10 μm. Error bars show mean+SEM. ***P<0.001. n=number of
GV nuclei counted
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statistical significance between old, young and middle age
monkey ovaries (Fig. S8). This could be due to the small
sample size- only three monkeys were used for each age
group, the limited amount of tissue, variations among the in-
dividuals, and the mixed cell types.

Discussion

We show that DSBs and telomere damage in follicles increase
with advancing age in monkeys, and that BRCA1 expression
decreases in both oocytes and granulosa cells of primordial &

primary, and secondary follicles. Increased DNA DSB dam-
age is closely associated with reduced levels of DSB repair
with monkey age, further supporting the findings in mice and
humans that increased DNA damage and reduced DNA repair
in oocytes is closely linked to ovarian aging [12]. We show
that DSBs in granulosa cells increase with age.

Granulosa cells in primordial and primary follicles from
young monkey ovaries display appreciable γH2AX foci, con-
sistent with active DNA damage response. These foci increase
with advancing age. γH2AX foci at telomeres, indicative of
telomere dysfunction, are infrequent in granulosa cells of
young and middle-age monkeys, but show limited yet

Fig. 5 Confocal imaging
analysis of BRCA1 foci in the
granulosa cells of follicles from
monkeys at various reproductive
ages. a Confocal images by 3-D
reconstruction of BRAC1 foci in
granulosa cells of primordial &
primary follicles in the ovaries
from young (Y), middle-age (M)
and old (O) monkeys. b Number
of BRCA1 foci in granulosa cells
of primordial & primary follicles.
c 3-D reconstruction images of
BRAC1 foci in granulosa cells of
secondary follicles. d Number of
BRCA1 foci in granulosa cells of
secondary follicles. e, f 3-D
reconstruction images and count
of BRCA1 foci in granulosa cells
of antral follicles of young and
middle-age monkeys. Scale bar=
10 μm; Error bars show mean+
SEM. ***P<0.001. n=number of
cells counted
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significant increase with age. Although DSB foci increase in
granulosa cells of primordial & primary, secondary and antral
follicles in middle-age monkey ovaries, DSB repair BRCA1
foci seem not to decline with age. These data suggest that
follicles and granulosa cells from middle age monkeys may
still have high DSB repair capacity. Interestingly, a recent
study shows that DNA strand breaks also accrue in human
and murine hematopoietic stem cells (HSCs) during aging
and diminished DNA repair capacity may underlie this age-
associated DNA damage accrual [50]. However, accumulated
DNA damage during aging could be repaired upon entry into
cell cycle and proliferation [50]. Flattened or cubic layer gran-
ulosa cells (the membrana granulosa) of primordial and pri-
mary follicles are positively stained for nuclear membrane
Lamin A, but negative for proliferative markers PCNA or
Ki67 [51–54], and the membrana granulosa cells are consid-
ered as differentiated cells, and these features also are consis-
tent with their dormant state as follicle reservoir. On the con-
trary, many granulosa cells underneath the theca cells in the
secondary growing and antral follicles show positive staining
for PCNA or Ki67 but negative for Lamin A, and these gran-
ulosa cells exhibit stem cells-like property [6, 26]. High levels
of BRCA1 expression in the proliferative stem-like cells could
also help repair DSBs accumulated in the middle-age monkey
ovaries.

Here we focused only on DSB and telomere damage mark
γH2AX, and DSB repair protein BRCA1, although other pro-
teins could also be altered with maternal age. In support,
Brca1 knockout mice exhibit evident ovarian premature ag-
ing, and BRCA1 mutation reduces levels of AMH, reflecting
decline in follicle reserve and ovarian function with maternal
age [12]. BRCA1 mutations also are associated with occult
primary ovarian insufficiency or defective meiosis and infer-
tility [55–57]. Consistently, the number of dermal fibroblast
nuclei containing DSB foci of 53BP1 or γH2AX and also
TIFs increases exponentially with baboons’ age [58]. In the
future, we plan to examine additional markers of DNA dam-
age during ovarian aging.

It is likely that the age associated increase in DSBs are
incompletely repaired because of the declining BRCA1 asso-
ciated with ovarian aging. Extensive evidence shows that re-
active oxidative stress induces DNA damage, reduces fertility
[59] and contributes to telomere attrition [60]. Anti-oxidants
reduce DNA damage and delay ovarian aging [45, 61], but it
remains to be determined whether anti-oxidants delay ovarian
aging in primate monkeys. Elevated DNA repair capacity
from increased expression of BRCA1 in middle age might
help repair telomeres and slow telomere shortening. Together,
DNA DSB damage increases, and DSB repair function de-
clines in granulosa cells with maternal age, as in oocytes.
Decreased DSB repair could be slower than that of increased
DNA damage. In corroboration with BRCA1 degradation
with ovarian senescence in aging monkeys, BRCA1 germline

mutations can lead to reduced ovarian reserve in humans [62].
While we recognize the limitations in the amount of monkey
material available for this study, future studies of a larger scale
should help clarify the role of DSB and BRCA1 expression in
ovarian aging. Such research may help assess oocyte quality
by measuring γH2AX and BRCA1 foci in oocytes or granu-
losa cells. Ultimately, approaches to reduce DNA damage
and/or increase DNA repair pathways may help maintain fol-
licle reserve and ovarian function with age.
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