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Abstract
During mammalian oocyte growth, genomic DNA may accumulate DNA double-strand

breaks (DSBs) induced by factors such as reactive oxygen species. Recent evidence dem-

onstrated that slight DSBs do not activate DNA damage checkpoint proteins in denuded

oocytes. These oocytes, even with DNA DSBs, can resume meiosis and progress to meta-

phase of meiosis II. Meiotic resumption in oocytes is also controlled by the surrounding

cumulus cells; accordingly, we analyzed whether cumulus-cell enclosed oocytes (CEOs)

with DNA damage are able to resume meiosis. Compared with DNA-damaged denuded

oocytes, we found that meiotic resumption rates of CEOs significantly decreased. To

assess the mechanism by which cumulus cells block meiotic resumption in CEOs with DNA

DSBs, we treated the cumulus oocyte complex with the gap junction inhibitor carbenoxo-

lone and found that carbenoxolone can rescue the block in CEOmeiosis induced by DNA

DSBs. Since cumulus cell-synthesized cAMPs can pass through the gap junctions between

oocyte and cumulus cell to block oocyte meiosis, we measured the expression levels of

adenylate cyclase 1 (Adcy1) in cumulus cells, and G-protein coupled receptor 3 (Gpr3) and
phosphodiesterase 3A (Pde3a) in oocytes, and found that the mRNA expression level of

Adcy1 increased significantly in DNA-damaged cumulus cells. In conclusion, our results

indicate that DNA DSBs promote cAMP synthesis in cumulus cells, and cumulus cAMPs

can inhibit meiotic resumption of CEOs through gap junctions.

Introduction
Although mammalian oocytes initiate meiosis at the fetus stage, nearly all oocytes become
arrested at prophase of meiosis I a few days before or after birth[1]. Oocyte arrest can last for
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many weeks in mice and decades in humans. Upon stimulation by follicle-stimulating hor-
mone, follicles are activated and oocytes begin to grow. All growing oocytes remain arrested at
prophase I and do not resume meiosis until oocyte growth is complete and corresponding folli-
cles are stimulated by luteinizing hormone[2]. Similar to somatic cells, the genomic DNA of
oocyte is subject to double-strand breaks (DSBs) by factors such as reactive oxygen species,
drugs, or radiation. In somatic cells, to maintain genomic DNA integrity, DNA repair proteins
can sense DNA damage events, such as DSBs, and transmit signals to checkpoint proteins to
arrest the cell cycle[3, 4]; additional DNA damage repair proteins are then recruited to the site
of damage to repair DNA[5–7]. In comparison to somatic cells, oocytes are less sensitive to
DNA DSBs. When the genomic DNA of denuded oocytes has slight double-strand breaks,
oocytes do not activate DNA damage checkpoint proteins, and subsequently can resume meio-
sis, which was identified by germinal vesicle breakdown(GVBD), with damaged genome[8, 9].

Unlike denuded oocytes, mature oocytes in vivo are surrounded by multilayered cumulus
cells. The cumulus cells and oocyte form a closely connected complex called the cumulus
oocyte complex (COC); the COC is connected by gap junctions between cumulus cells, as well
as between cumulus cells and oocytes [10]. Evidence shows that the second messenger cAMP is
transferred from cumulus cells into oocytes through gap junctions [11, 12], and that elevated
cAMP in oocytes maintains oocyte meiotic arrest [13]. In addition to passive transfer of cAMP
from cumulus cells to oocyte, the oocyte itself can also regulate its own cellular cAMP level.
Oocyte G-protein coupled receptor 3 (Gpr3) can maintain oocyte meiotic arrest by regulating
cAMP levels in oocytes[1, 14]. Conversely, oocyte phosphodiesterase 3A (Pde3a) is activated
following luteinizing hormone stimulation to hydrolyze cAMPs in oocytes and promote mei-
otic resumption[1, 15].

To investigate the effects of DNA DSBs on CEOmeiotic resumption, and to assess whether
cumulus cells can prevent meiotic resumption in DNA-damaged oocytes, we induced DNA
DSBs in COCs using the drug Zeiocin and measured the maturation rates of CEOs with DNA
DSBs. We also assessed communication between DNA-damaged oocytes and cumulus cells.
Finally, we measured the mRNA levels of adenylate cyclase 1 (Adcy1) [16]in DNA damaged
cumulus cells and Gpr3and Pde3ain oocytes.

Materials and Methods

Ethics Statement
The ICR outbred mice were purchased from the laboratory animal breeding center of Wenbo.
Cervical dislocation method was used for mouse euthanasia. All mouse manipulations were
performed with the approval of the Animal Care and Ethics Committee of Qingdao Agricul-
tural University.

Isolation and culturing of COCs and denuded oocytes
COCs were isolated from ovaries of female ICR outbred mice 48 hours post-PMSG injection.
Denuded oocytes were isolated from ovaries from female ICR mice without PMSG injection.
All oocytes manipulations were performed in manipulation mediumM2 (Sigma) containing
2.5 μMmilrinone (Amyjet) to prevent GVBD. Both COCs and denuded oocytes were matured
in vitro in MEMαmedium (Gibco) containing 10% FBS, 0.5 μ0% F FSH, 0.5 μFSH, LH, 10 ng/
mL EGF, and 1% Penicillin-Streptomycin Solution (HyClone) at 37°C with 5% CO2.

Drugs used for oocyte treatment. In our experiment, we treated oocytes (denuded
oocytes or COCs) with two drugs: the DNA DSB-inducing antibiotic, Zeiocin (Invitrogen), and
the gap junction inhibitor, carbenoxolone (CBX, Sigma). Denuded oocytes or COCs were
treated with 200 μg/mL Zeiocin for 1 hour in oocyte maturation medium with milrinone to
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induce DNA DSBs. To inhibit gap junctions, COCs or denuded oocytes were cultured in matu-
ration medium containing 200 μMCBX.

Immunostaining. Both COCs and cumulus cells and zona pellucida removed oocytes
were used for immunostaining. The cumulus cells of COC were removed by vibrating for
10 minutes. The zona pellucida was removed by acidic Tyrode solution treating. COCs and
Oocytes were fixed in 4% paraformaldehyde for 40 minutes, and then permeabilized in PBS
with 0.1% Triton X-100 for 20 minutes. Next, oocytes were blocked in PBS containing 1% BSA
for 1 hour and incubated with γH2A.X antibody (Bioworld) and/or cAMP antibody (AM01,
Santa Cruz Biotechnology) at 4°C overnight. After 3 washes with PBST, oocytes were incubated
with secondary antibody (Anti-Rabbit IgG FITC conjugate, Sigma; Cy3 conjugated goat anti
mouse IgG antibody, Beyotime) and washed 5 times with PBST. DNA was stained with
Hoechst stain and the oocytes were mounted on slides. We used a confocal laser-scanning
microscope to observe the oocytes.

Quantitative real time-PCR. To isolate cumulus cells from COCs, COCs in M2 medium
were vibrated using a vortex oscillator for 5–10 minutes. The cumulus cells and oocytes were
collected for RNA extraction. The mRNAs of denuded oocytes, oocytes from COCs, or cumu-
lus cells were isolated using the RNeasy Micro Kit (Qiagen) and reverse transcribed to cDNAs
by TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGene). These
cDNAs were used as templates for quantitative real time-PCR (qRT-PCR); qRT-PCR was
performed on the Lightcycler 480 II (Roche) platform using the Lightcycler 480 SYBR Green
I Master kit (Roche). The primers used for qRT-PCR were as follows: Pde3a-F: AATGGGAC
CACAAGAGAGGG, Pde3a-R: TTCACTCTGGGCTTGTGGAT; Gpr3-F: TATCCACTCTC
CAAGAACCATCTGG, Gpr3-R: GGAATTAAGCCCTGGTGGACCTAAC; Adcy1-F: GTG
GTGGCTGCCTCGCACTT, Adcy1-R: AGCAGGGCATTGGCACCGAG; Gapdh-F: GTCAT
TGAGAGCAATGCCAG, Gapdh-R: GTGTTCCTACCCCCAATGTG.

Statistic analysis
Student’s t-test was used to assess statistical significance. Data are represented as means and
standard errors. The statistical software R was used to calculate the statistic values.

Results and Discussion

CEOs are more sensitive to DNA DSBs than denuded oocytes
As shown in previous studies, denuded oocytes are subject to GVBD when their DNA is slight
double-strand broken [8, 9, 17]. In denuded oocytes, we found that GVBD occurred in 76.4%
of normal oocytes (N = 80) but only in 31.6% of oocytes with Zeiocin-induced DSBs(N = 75)
after 4 hours in culture. The GVBD rates of normal and DSB denuded oocytes increased to
83.9% and 59.0%, respectively, when the oocytes were cultured for 15 hours.

To validate Zeiocin induction of DSBs, DSBs in COCs were identified by immunostaining
of serine 139 phosphorylated histone H2A.X (γH2A.X), an early marker of DNA DSBs[18].
When COCs were treated with Zeiocin, both oocytes and cumulus cells exhibited DNA DSBs
(Fig 1A). Compared with denuded oocytes, when COCs were treated with Zeiocin, the GVBD
rate of normal CEOs was 89.8% (N = 73) and only 16.4% for DSB CEOs (N = 84, p< 0.01), sig-
nificantly less than that of denuded oocytes, after 15 hours in culture (Fig 2).

The above results indicated although oocytes themselves are less sensitive to DNA DSBs, on
the normal Physiological conditions, cumulus cells can regulate the cell cycle of oocytes when
the COCs were DNA damaged.
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Fig 1. DNA double-stand breaks in normal, Zeiocin-treated, carbenoxolone (CBX)- treated and Zeiocin/CBX-double treated COCs. (A) Normal and
zeiocin-treated COCs. (B) CBX-treated normal and DNA-damaged oocytes. γH2A.X, serine 139 phosphorylated histone H2A.X, a marker of DNA double-
strand breaks.

doi:10.1371/journal.pone.0143223.g001

Cumulus Cells Control Oocyte Meiotic Resumption

PLOS ONE | DOI:10.1371/journal.pone.0143223 November 17, 2015 4 / 10



The DNA DSB-induced block in meiosis in CEOs can be rescued by the
gap junction inhibitor CBX
To analyze whether the decrease in GVBD rates of CEOs with DNA DSBs was induced by
cumulus cells via gap junctions, we used CBX to block the gap junctions in COCs (Fig 1).
When denuded oocytes were treated with CBX, the GVBD rates of CBX-treated normal
oocytes (72.5%, N = 91) and DNA DSB oocytes (30.7%, N = 69) were not significantly different
than the oocytes without CBX treatment after 4 hours in vitromaturation. The GVBD rates of
CBX-treated normal and DNA DSB denuded oocytes increased to 76.9% and 42.9%, respec-
tively, after 15 hours in culture.

For normal COCs, when treated with CBX, the GVBD rate of CEOs decreased, but not sig-
nificantly (66.1%, N = 68). For the DNA DSB COCs, CBX-treatment increased the GVBD rate
of CEOs significantly (46.9%, N = 68, Fig 2). These results indicated the DNA damaged cumu-
lus cells suppress the GVBD of CEOs through gap junctions.

DNA DSBs increase Adcy1 expression in cumulus cells and induced the
enrichment of cAMPs at the zona pellucida and nucleus of oocytes
cAMP is one of the most important second messengers synthesized by cumulus cells and can
control oocyte meiotic progression. As the mRNA level of Acdy1 in oocyte is very low (Ct value
of Gapdh is about 21–24, but the Ct of Acdy1 is 35–40, data not shown), the cAMP in oocyte
may mainly rely on the cumulus cells. To assess whether cumulus cells inhibit GVBD in
oocytes via cAMP synthesis from COCs containing DNA DSBs, we measured mRNA levels of
the Adcy1 gene in cumulus cells. Consistent with our expectations, the qRT-PCR results
showed that the Adcy1 transcription level increased significantly in cumulus cells with DNA
DSBs (Fig 3). Our results indicate that DNA DSBs up-regulate the expression of Adcy1 in
cumulus cells, which will subsequently increase cAMP levels in cumulus cells.

Previous studies showed that cAMPs are transferred from cumulus cells into oocytes
through gap junctions [12], and that increased oocyte intracellular cAMPs inhibit meiotic
resumption [1]. We immunostained cAMP in DSB COCs and the cumulus cells and zona

Fig 2. Germinal vesicle breakdown (GVBD) rates of denuded oocytes and cumulus enclosed oocytes (CEOs). (A) GVBD rates of denuded oocytes
after 4 hours in vitromaturation (IVM). (B) GVBD rates of denuded oocytes after 15 hours IVM. (C) GVBD rates of CEOs after 4 hours IVM. COC, cumulus
enclosed oocyte. Ctl, control or normal group; Zei, Zeiocin-treated group; CBX, carbenoxolone-treated group; Zei+CBX, Zeiocin/CBX-double treated group.

doi:10.1371/journal.pone.0143223.g002
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Fig 3. DNA double-strand breaks (DSBs) up-regulate Adcy1 in cumulus cells and down-regulate Pde3a in cumulus-enclosed oocytes. (A) Adcy1 is
up-regulated in the cumulus cells from cumulus oocyte complexes (COCs)with DNA DSBs.(B) The expression ofGpr3 and Pde3a in oocytes from normal
and DNA DSB COCs. (C)The expression ofGpr3 and Pde3a in normal and DNA DSB denuded oocytes. **, highly significant difference, p < 0.01;
*, significant difference, 0.01 < p < 0.05.

doi:10.1371/journal.pone.0143223.g003
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pellucida removed oocytes (Fig 4), our results showed cAMP enriched in the zona pellucida
and nucleus of DSB oocytes. These results indicated the cumulus cells can control oocyte meio-
sis by producing and transporting cAMPs when the follicle was affected by DNA damage.

DNA DSBs decrease Pde3a but notGpr3 expression in CEOs
During mouse oocyte growth, Gpr3 maintains cAMP levels in oocytes and is important for
oocyte meiotic arrest [19, 20]. Pde3a, which can hydrolyze cAMPs, is expressed primarily in
oocytes, but not in cumulus cells [21]. To assess whether DNA DSBs affect the expression of
Gpr3 and Pde3a in oocytes, we measured their mRNA levels in denuded oocytes and CEOs;
mRNA levels of Gpr3 in denuded oocytes and CEOs showed no significant changes when
oocytes contained DNA DSBs. The expression of Pde3a was slightly decreased in DNA-dam-
aged CEOs but there was no significant change in Pde3amRNA levels between normal and
denuded oocytes with DNA DSBs (Fig 3). The down-regulation of Pde3a in DNA DSB CEOs
likely decreases the hydrolysis of cAMP and further suppresses meiotic resumption of CEOs.

Fig 4. Immunostaining of cAMP in DSB COCs. (A) cAMP enriched in the zona pellucida of DSB COCs. (B)
Cumulus cells of COCs were removed by vibrating, and the zona pellucida was removed by acidic Tyrode
solution. Compared with normal group, the nucleus of DSB oocytes enriched with cAMP. Blue, Hoechst;
Green, γH2A.X; yellow, cAMP. DSB, DNA double-strand breaks.

doi:10.1371/journal.pone.0143223.g004
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Conclusions
In conclusion, our study revealed that cumulus cells block the meiotic resumption of oocytes
from COC containing DNA double-strand breaks by promoting cumulus cell cAMP synthesis.

Fig 5. Model of cumulus cell regulating oocyte meiosis when the COCDNAwas DSB. The DNA DSBs (Green) increase the transcription of Adcy1 (red)
and cAMP production in cumulus cells. cAMPs are transported from cumulus cells to oocytes through gap junctions. The Gpr3 maintains the cAMP level in
oocytes and Pde3a hydrolyze cAMPs in oocytes. The transcription ofGpr3 showed no significant change in DSB oocytes, where Pde3a (blue) is down
regulated in DSB oocytes. Enrichment of cAMP in oocytes induce the oocyte GVBD block. DSB, DNA double-strand breaks; GVBD, germinal vesicle
breakdown.

doi:10.1371/journal.pone.0143223.g005
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We also found that cumulus cells control oocyte meiosis through gap junctions and the cAMP
enriched in the zona pellucida and nucleus of DSB cumulus enclosed oocytes. In addition, we
demonstrated slight down-regulation of Pde3a in DNA-damaged CEOs. Finally, from our data
we found a new mechanism about how ovaries prevent the DNA damaged oocytes from
GVBD: when COCs were DNA DSB damaged, cumulus would transport more cAMPs to
oocytes through the gap junctions between oocytes and cumulus cells, and the accumulation of
cAMPs in oocytes blocked the GVBD of CEOs (Fig 5). Meanwhile, the expression of Adcy1 is
up-regulated in cumulus cells when the COC was DNA damaged, which will promote the
cumulus cell produce more cAMP to block the GVBD of oocytes (Fig 5). Taken together, these
results indicate that oocyte meiotic resumption is not only controlled by the oocyte itself but
also by the surrounding cumulus cells when the COCs are damaged by external factors.
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