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Different fates of oocytes with DNA double-strand
breaks in vitro and in vivo
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In female mice, despite the presence of slight DNA double-strand breaks (DSBs), fully grown oocytes are able to
undergo meiosis resumption as indicated by germinal vesicle breakdown (GVBD); however, severe DNA DSBs do reduce
and delay entry into M phase through activation of the DNA damage checkpoint. But little is known about the effect of
severe DNA DSBs on the spindle assembly checkpoint (SAC) during oocyte maturation. We showed that nearly no first
polar body (PB1) was extruded at 12 h of in vitro maturation (IVM) in severe DNA DSBs oocytes, and the limited number
of oocytes with PB1 were actually at telophase. However, about 60% of the severe DNA DSBs oocytes which underwent
GVBD at 2 h of IVM released a PB1 at 18 h of IVM and these oocytes did reach the second metaphase (MIl) stage.
Chromosome spread at Ml and MIl stages showed that chromosomes fragmented after GVBD in severe DNA DSBs
oocytes. The delayed PB1 extrusion was due to the disrupted attachment of microtubules to kinetochores and
activation of the SAC. At the same time, misaligned chromosome fragments became obvious at the first metaphase (MI)
in severe DNA DSBs oocytes. These data implied that the inactivation of SAC during the metaphase-anaphase transition
of first meiosis was independent of chromosome integrity. Next, we induced DNA DSBs in vivo, and found that the
number of superovulated oocytes per mouse was significantly reduced; moreover, this treatment increased the

percentage of apoptotic oocytes. These results suggest that DNA DSBs oocytes undergo apoptosis in vivo.

Introduction

DNA damage which can be induced endogenously or exoge-
nously is a precipitating factor of mutagenesis, carcinogenesis
and infertility."* To cope with it, cells have evolved an elaborate
molecular response to sense, respond to, and repair the damaged
DNA called DNA damage response (DDR). DDR is activated
primarily at the G1/S and G2/M-phase transition.” When DNA
damage is very slight, it can be repaired soon without cell cycle
arrest, while when the damage becomes severe, the cell cycle is
arrested to allow more time for repair; finally, if the damage is
too severe to repair, apoptosis will be initiated. ATM (ataxia tel-
angiectasia mutated) and ATR (ataxia telangiectasia and Rad3-
related) are 2 major DNA damage sensor proteins.”® Once
DNA damage occurs, H2AX, the histone H2 A variant, is phos-
phorylated on serine residue 139.” This phosphorylated form is
concentrated at DNA damage sites, therefore, it has been used as
a marker of DNA damage.

DNA damage in germ cells may induce infertility or lead to
propagate genetic abnormalities in embryos.*” Especially in
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females, oocytes are arrested at the GV stage in primordial follicles
for months or decades dependent on the species; this renders
oocytes susceptible to the environmental DNA damage factors.
Moreover the expectation for fertility preservation in women
undergoing cancer therapy is increasing. It is important and
meaningful to uncover the DDR mechanism in oocytes. Two
kinds of DNA damage have recently been studied in fully grown
oocytes. Interstrand crosslinks (ICL) in oocytes induced by mito-
mycin C has been well studied by Jones et al.'® Unexpectedly
ICL has no effect on the completion of either meiosis I, meiosis
IT or parthenogenetic activation; however, it does inhibit parthe-
nogenetic embryo development. DNA DSBs induced by neocar-
zinostatin fragments DNA and blocks meiosis I, but the
molecular mechanism of it has not been clarified in this study.'’
Another study has focused on the effect of DNA DSBs on meiot-
It was found that DNA DSBs

induced by etoposide, a topoisomerase II inhibitor, does not pre-
1

ically competent oocytes.'!
vent entry into the M phase unless the damage level is severe.

Severe DNA DSBs activates an ATM/ChkI-dependent DNA
damage checkpoint to block the cell cycle by increasing the
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Oocytes with severe DNA
DSBs caused by zeocin
progressed beyond prophase

To induce severe DNA DSBs,
GV oocytes were treated with
zeocin (200 pg/ml for 1h), a
member of the bleomycin family,
which can bind DNA and cleave
it directly. Zeocin caused severe
DNA DSBs in oocytes at this
concentration as evidenced by the
strong signal of phosphorylated
H2AX at Ser 139 (Fig. 1A). This
signal continued after GVBD;
severe  DNA DSBs
caused chromosome fragmenta-
tion in oocytes beyond GVBD

moreover,

IVM 5h

Figure 1. Germinal vesicle breakdown (GVBD) in severe DNA DSBs oocytes induced by zeocin. (A) Zeocin
induced severe DNA DSBs at a high concentration. Fully grown GV oocytes were treated with 200 g/ml zeo-
cin for 1 h in M2 medium supplemented with 2.5 wM milrinone, while oocytes blocked for 1 h by milrinone
were used as control. Oocytes were immunostained with anti-Pi-H2AX antibody immediately after 1 h treat-
ment with or without zeocin (A), or after additional 5 h of IVM in M2 medium (B). (C) The GVBD rates were
analyzed in the 2 groups from 2 h of IVM to 5 h of IVM. Asterisks indicate significant differences compared

to the control group (P < 0.05).

inhibition of phosphorylation of Cdc25B but not Cdc25 A deg-
radation. But compared to blastocysts, oocytes have a limited
ability to activate ATM. ATM activation remains at a base level
in oocytes before exposure to the maximal concentration of eto-
poside.a’11 Taken together, severe DNA DSBs but not ICL affect
the process of oocyte maturation 77 vitro. This is confirmed by 2
other studies,"®'? but the molecular mechanisms, particularly
the DDR mechanisms after germinal vesicle breakdown
(GVBD), remain to be elucidated.

Zeocin is a member of the bleomycin family of antibiotics. It
is water-soluble and membrane-permeable. When Zeocin enters
cells, it is activated and will intercalate into DNA and cleave it
directly. In this study, we carefully examined the ability of
the oocytes with severe DNA DSBs induced by zeocin to
progress to GVBD and extrude the PB1. Spindle assembly,
chromosome alignment and fragmentation, kinetochore-
microtubule attachment and spindle assembly checkpoint
protein (Bub3) localization were also examined at metaphase
I (MI) or at the first metaphase-anaphase transition (MI-AI).
These results indicated an effect of severe DNA DSBs on the
spindle assembly checkpoint (SAC) in meiosis I 7z vitro. Fur-
thermore, we analyzed the effect of DNA DSBs on oocyte
maturation 7z vive by intraperitoneal injection of zeocin in
mice.
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(Fig. 1B). According to the result
of a previous study,11 fully grown
oocytes could enter the M phase
in the presence of severe DNA
damage, although the GVBD
rate was reduced and delayed. In
our study, the percentage of
GVBD increased beyond 2 h of
IVM, and this number reached
65.0% at 5 h of IVM (Fig. 1C),
which was equal to the effect of
10 pg/ml  etoposide
for 3 h in the previous study.''
This indicated that we successfully induced severe DNA DSBs
in oocytes. The molecular mechanisms underlying the fact that

treatment

oocytes appeared not to launch a powerful DNA damage
checkpoint to block cell cycle had been well studied,'" so we
set out to investigate the oocyte maturation progress during
later times.

Oocytes with severe DNA DSBs did not reach the MII stage
at 12 h of IVM

Since GVBD of oocytes with severe DNA DSBs was
delayed, only the oocytes that underwent GVBD at 2 h of
IVM were selected to analyze the time for PB1 extrusion dur-
ing further development. Normally fully grown GV oocytes
release the PB1 and reach the MII stage by 12 h of IVM;
however, nearly no oocyte with severe DNA DSBs extruded a
PB1 at 12 h of IVM, and the effect of severe DNA DSBs on
the PB1 extrusion rate reached a highly significant level (P <
0.01) (Figs. 2A and B). Three replicates were performed for
this analysis, and we only observed very limited numbers of
oocytes with severe DNA DSBs releasing the PB1 at 12 h of
IVM. Moreover, all of the PB1-extruded oocytes in the DSBs
group were actually at telophase with misaligned chromo-
somes, while most of the PBl-extruded oocytes reached the
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result showed that severe
DNA DSBs
released a PB1 from
14 h to 16 h of IVM;
and the PB1 extrusion
rate reached 57.2% at
18 h of IVM (Fig. 3A).
Oocytes  with  PBI
reached the MII stage at
this time while oocytes
without a PB1 were still at the MI stage displaying chromosome
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oocytes

misalignment Fig. 3B). Our chromosome spread result showed
chromosome fragments in MII oocytes with severe DNA DSBs
(Fig. 3C). So the PB1 extrusion was delayed and reduced in
severe DNA DSBs oocytes.

Severe DNA DSBs activated SAC in meiosis |

Having found that PB1 extrusion was delayed and reduced in
severe DNA DSBs oocytes, we next sought to define the meta-
phase-anaphase transition during meiosis I. First we checked spin-
dle assembly and chromosome alignment at MI. All the DNA
DSBs oocytes displayed chromosome fragments which were mis-
aligned at 8 h of IVM (Fig. 4A). Then we tested the kinetochore-
microtubule attachment by cold treatment of oocytes. In the con-
trol group, kinetochore microtubules were cold-stable, whereas in
the zeocin-treated group kinetochore microtubules degraded and
few kinetochore microtubules were observed in the oocytes
(Fig. 4B). This result implied severe DNA DSBs disrupted kinet-
ochore-microtubule attachment during meiosis I. Taken together;
we speculated the SAC should be activated. To further test our
speculation, we determined Bub3 localization, a SAC protein, at
9.5 h of IVM. As expected, Bub3 still localized at the kineto-

chores of the chromosome fragments in severe DNA DSBs
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Figure 2. Severe DNA DSBs oocytes did not reach the MIl stage at 12 h of IVM. (A) Oocytes with or without zeocin treat-
ment were maturated in M2 medium for 12 h. (B) The percentage of PB1 extrusion in oocytes undergoing GVBD at 2 h
of IVM was analyzed at 12 h of IVM. Two asterisks indicate dramatically significant difference compared to the control
group (P < 0.01). (C) Spindle assembly and chromosome alignment at 12 h of IVM. Oocytes in the 2 groups were stained
with anti-a-tubulin-FITC antibody and PtdIns. The percentages of each type are indicated.

oocytes, while very weak signal for Bub3 was detected in the con-
trol group (Fig. 4C). This result demonstrated that SAC inactiva-
tion was inhibited or delayed by severe DNA DSBs.

DNA DSBs induced oocyte apoptosis in vivo

Due to the fact that meiosis I was delayed by severe DNA
DSBs in vitro, we wanted to know the effect of DNA DSBs on
meiosis 77 vivo. Zeocin was used to induce DNA DSBs 7 vivo
by intraperitoneal injection. Forty micrograms of zeocin was
injected per mouse once every day, the amount of zeocin was
determined by the bleomycin dosage used in human cancer ther-
apy adjusted to body weight; then superovulation was performed.
Meiosis I was not delayed in vivo, oocytes from the zeocin injec-
tion group reached the MII stage at 14 h of hCG injection, simi-
lar to the control group (Figs. 5A and C). But more fragmented
oocytes were ovulated in the zeocin-injected mice (Fig. 5A).
These oocytes were shown to be apoptotic eggs because of high
caspase 3 activity indicated by cleaved caspase 3 immunostaining
(Fig. 5B). Statistical analysis from 10 mice showed that the total
number of ovulation per mouse was significantly reduced, and
the rate of apoptotic oocytes was dramatically increased in the
zeocin-injected group (Fig. 5D). These data suggest that oocytes
with DNA DSBs undergo apoptosis in vivo.
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Figure 3. In vitro maturation of severe DNA DSBs oocytes was delayed. (A) PB1 extrusion rates were analyzed
from 12 h of IVM to 18 h of IVM. Two asterisks indicate dramatically significant differences compared to the con-
trol group (P < 0.01). (B) Spindle assembly and chromosome alignment at 18 h of IVM in zeocin-treated oocytes.
Oocytes were stained with anti-a-tubulin-FITC antibody and PI. The percentages of each type were indicated. (C)
Chromosome spread of Ml oocyte at 18 h of IVM in the DNA DSBs group. Chromosome fragments were observed

after staining with anti-Bub3 antibody and PtdIns.

Discussion

Oocytes display a unique cell cycle progression that differs
from both somatic cells and male germ cells. Two arrests (pro-
phase arrest in meiosis I and MII arrest) exist during oocyte
growth and maturation. Prophase (GV stage) arrest resembles the
DNA damage checkpoint at the G2/M transition in somatic
cells. High levels of cAAMP and ¢cGMP and subsequent sustained
activation of PKA are involved in the regulation at this stage.'*!”
Different from the physiological arrest in oocytes, DNA DSBs
also can induce cell cycle arrest at the G2 stage through activating
the DNA damage checkpoint®'®!'” and this is very strict in
somatic cells. Surprisingly, fully grown oocytes, which have the
responsibility to propagate their genomes to the next generation,
have a greatly reduced ability to establish the DNA damage
checkpoint, so have the early preimplantation embryos exposed
to y-irradiation (but not X-irradiation).'® Laser microbeam-
induced DNA damage in pronucleus or individual blastomere
at different stages show poor developmental capability and
cleavage cease, failure of incorporate into compacted morulae
followed by apoptosis at the blastocyst stage respectively.'”
Oocytes entered the M phase with severe DNA DSBs un-
repaired in our study, consistent with a previous study.'" This
can be partally explained by the reduced ability to activate
ATM and the absent degradation of Cdc25 A through DDR
in oocytes."" A mechanism similar to checkpoint adaptation in
DNA replication also may be involved,""** but the exact
adaptation molecule, like Claspin in the DNA replication
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checkpoint,20 needs to be
clarified in the DNA damage
checkpoint. There is another

PI Merge

mechanism by which the cell
cycle checkpoint is abrogated
in cancer cells.”"** Check-
point kinase 1 (Chkl) down-
regulation abrogates doxoru-
bicin-induced G2 arrest fol-
lowed by mitotic catastrophe
and apoptosis.”> Which one
works in oocytes still needs
to be determined. Our data
indicated that DNA
damage was not repaired
during the M phase in meio-
sis I, because oocytes at the

PI Merge

also

MII stage still display chro-
This

result may give a negative

mosome  fragments.
answer to the possibility that
oocytes are capable of repair-
ing DNA damage during the
lengthy meiotic M phase,
prior to embryonic develop-
ment. Thus, the possibility
of the alternative way to deal
with severe DNA DSBs in
oocytes is strong which is degeneration accompanied by follic-
ular atresia instead of repair.

Compared to DDR at the GVBD stage, knowledge about the
meiotic M phase DDR is limited.” Interestingly, ICL induced by
mitomycin C does not affect the first and second meiotic divi-
sion,"” while DSBs induced by neocarzinostatin,'® etoposide or
bleomycin13 reduced PB1 extrusion (PBE). It appears that
whether or not to activate DDR at the meiotic M phase depends
on the type of damage. But another report found that PBE is not
affected in GVBD oocytes with DSBs induced by bleomycin.**
We examined the effect of severe DNA DSBs on oocytes at the
first meiotic M phase paying attention to SAC. Similar to its
effect on GVBD, severe DNA DSBs delayed and reduced PBE.
Chromosomes fragmented and SAC was activated by severe DNA
DSBs. Our recent report indicated that degradation of cyclin Bl
was delayed in DNA DSBs oocytes®® which also indirectly
implied that SAC was activated. These data show that if those
chromosome fragments with kinetochores aligned tidily at the
equatorial plate, SAC can be inactivated and the PBI is released.
The integrity of chromosomes is not essential for SAC inactiva-
tion. The delay of PBE may be due to the fact that oocytes with
severe DNA DSBs must spend a longer time to align chromo-
some fragments with kinetochores. Cells may eventually exit the
mitotic SAC arrest by a process termed mitotic adaptation during
prolonged mitotic SAC arrest.”® SAC in meiosis I was robust at
least at 18 h of IVM since 42.8% of the oocytes were still at MI.

Radiotherapy and chemotherapy is common in cancer treat-
ment, both treatments can induce DSBs in germ cells. The side
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Figure 4. SAC activation and spindle microtubule-kinetochore attach-
ment dsiruption by severe DNA DSBs. (A) Spindle assembly and chromo-
some alignment at the Ml stage. Oocytes in the 2 groups were collected
at 8 h of IVM, and then stained with anti-a-tubulin-FITC antibody and PI.
Chromosome fragments ware misaligned in DNA DSBs oocytes at this
stage (indicated by arrows). (B) Kinetochore-microtubule attachment
check at the MI stage. Oocytes with or without zeocin treatment were
cultured for 8 h in M2 medium followed by transfer into M2 medium
pre-cooled to 4°C and incubated in a refrigerator at 4 °C for 10 min.
Finally oocytes were stained with a-tubulin-FITC antibody and PtdIns.
Kinetochore microtubules degraded in DNA DSBs oocytes. (C) SAC pro-
tein localization analysis at MI-Al stage. Oocytes at 9.5 h of IVM were har-
vested and chromosome spread was performed followed by
immunostaining with anti-Bub3 antibody and PI. SAC was activated in
DNA DSBs oocytes.

effects of these treatments on reproduction are well character-
ized,®?° but women who suffer from cancer expect to preserve
fertility after treatment. The mechanisms of germ cells respond-
ing to DNA damage should be elucidated. Doxorubicin can
cause severe DSBs in oocytes and granulosa cells associated with
apoptotic oocyte death and ATM activation.”® Another study
found that a significant delay of MI is not observed after injection
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Figure 5. DNA DSBs induced oocyte apoptosis in vivo. (A) Superovulated
oocytes in saline or zeocin treated mouse. Ten mice in each group were
injected with 0.1 ml saline or 40 g zeocin in 0.1 ml saline per day for 1
week. Then superovulation was performed. More fragmental oocytes
(indicated by arrows) were observed in zeocin-treated mice. Representa-
tive oocytes ovulated from one mouse are displayed in (A). (B) Frag-
mented oocytes showed strong apoptosis signal. Fragmented oocytes
were stained with anti-cleaved caspase 3 antibody and PtdIns. (C) Spin-
dle assembly and chromosome alignment of superovulated non-frag-
mented oocytes. Superovulated non-fragmented oocytes were stained
with anti-a-tubulin-FITC antibody and PI. Zeocin-treated mice appeared
to ovulate MIl oocytes with normal spindle assembly and chromosome
alignment. (D) Analysis of total oocyte number of superovulation per
mouse and apoptotic oocyte rate. Total number of ovulation per mouse
was significantly reduced, and the rate of apoptotic oocytes was dramat-
ically increased in the zeocin injection group. Asterisks indicate signifi-
cant differences compared to the control group (P < 0.05).

of etoposide into female mice.'* Consistent with these findings,
in our result meiosis I was not delayed and oocytes underwent
apoptosis after zeocin treatment in mice. These data indicate that
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chemotherapy is harmful to female reproduction, and induces
acceleration of ovarian aging. New avenues will need to be
explored to solve this problem in cancer therapy.

Different responses to DNA DSBs in vitro and in vivo were
observed in oocytes in our study. Oocytes with severe DNA
DSBs still maintained viability; moreover, they could undergo
GVBD and complete meiosis I reaching the MII stage in vitro.
However, oocyte apoptosis was induced by DNA DSBs in vivo.
Why don’t oocytes suffering severe DNA damage 77 vitro quickly
initiate apoptosis? Which step is blocked in the apoptosis path-
way? What molecules are involved? More research needs to be
undertaken to answer these questions. A possible explanation is
that the apoptosis pathway is blocked in the oocyte alone i vitro,
and it can be activated in vivo by interacting with granulosa cells.
Studies show that genotoxic stress activates Tap63-dependent
oocyte apoptosis,”” which is a transcription factor related to p53.
But it is found to be expressed in primordial, primary and early
pre-antral follicles, and it is completely lost in the more mature
follicles.” This may partially explain why fully grown oocytes do
not undergo apoptosis 7z vitro. But why p53 does not work at
this stage, and which molecules promote apoptosis in fully grown
oocytes in vivo is not known.

Materials and Methods

ICR mice care and manipulations were handled according to
the Ethics Committee of the Institute of Zoology, Chinese Acad-
emy of Sciences.

Oocyte collection and iz vitro maturation

Fully grown GV oocytes were isolated from 6-8 week-old
female mouse ovaries in M2 medium containing 2.5 pM milri-
none to arrest them at the GV stage. Following specific treat-
ments, oocytes were washed 3 times with M2 medium, and then
cultured in M2 medium for 77 vitro maturation, covered with lig-
uid paraffin oil and maintained in a humidified incubator with
5% CO, at 37°C. The GVBD was observed at 2 h of IVM and
PB1 extrusion was analyzed at 12 h and 18 h of IVM, respec-
tively. Only the oocytes undergoing GVBD at 2 h of IVM were
selected for analysis during further development.

DNA DSBs induction by zeocin #n vitro

To induce severe DNA DSBs, fully grown GV oocytes were
treated with zeocin (200 pg/ml, invitrogen) for 1 h in M2
medium supplemented with 2.5 pM milrinone. Oocytes blocked
by the same concentration of milrinone for 1 h were used as con-
trol. After 1 h of treatment with or without zeocin, oocytes were
washed and cultured in fresh M2 medium for maturation to MI

(8 h), MI-AI (9.5 h), 12 h, or 18 h.

Immunofluorescent microscopy

Oocytes at the appropriate stages were harvested and fixed in
4% paraformaldehyde in PBS for 30 min, followed by permeabili-
zation in 0.5% Triton-X 100, then blocked in 1% BSA-supple-
mented PBS for 1 h at room temperature. After these steps,
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oocytes were incubated with anti-phosphorylated H2AX at Ser
139 (1:200, Bioworld Technology, Beijing), anti-cleaved caspase
3 (1:200, Cell Signaling Technology, Danvers) antibody overnight
at 4°C or anti-a-tubulin-FITC antibody for 2 h at room tempera-
ture, respectively. Washed 3 times in PBS containing 1% BSA,
oocytes were labeled with FITC-conjugated IgG (1:200) for 1 h
at room temperature (for a-tubulin staining, this step was omit-
ted). After washing 3 times, propidium iodide (PI, 10 pg/ml) was
used to label the nucleus. Finally, oocytes were examined with a

confocal laser scanning microscope (Zeiss LSM 710 META).

Cold treatment of oocytes

Oocytes with or without zeocin treatment were first cultured
for 8 h in M2 medium in a humidified incubator with 5% CO,
at 37°C, then they were transferred into M2 medium pre-cooled
to 4°C and incubated in a refrigerator at 4°C for 10 min. Finally
these oocytes were collected and stained for immunofluorescent
analysis with a-tubulin-FITC antibody and PtdIns.

Chromosome spread

Oocytes at the first metaphase-anaphase transition (IVM 9.5 h)
or MII stage were collected and exposed to acid Tyrode’s solution
(Sigma, St. Louis) to remove the zona pellucida (ZP) at room tem-
perature. Once the ZP had disappeared, oocytes were transferred
and washed in M2 medium. Then oocytes were transferred con-
tinuously onto glass slides one by one and fixed in 1% paraformal-
dehyde in distilled H,O containing 0.15% Triton X-100 and
3 mM dithiothreitol (pH 9.2). The slides were dried, then blocked
with 1% BSA in PBS for 1 h at room temperature and incubated
with anti-Bub3 antibody (1:50, Santa Cruz Biotechnology, Dallas)
overnight at 4°C. After washing, slides were incubated with FITC-
conjugated IgG (1:200) for 1 h followed by stained with PI. Slides

were mounted and observed with a confocal microscope.

DNA DSBs induction iz vive

To induce DNA DSBs iz vivo, zeocin was injected into the
abdominal cavity of female ICR mice, and physiological saline
was injected as control. Zeocin (100 mg/ml) was diluted in phys-
iological saline to give a final concentration of 400 pwg/ml, and
0.1 ml (40 pg zeocin) was injected per mouse once every day for
1 week. The same amount of normal saline was injected as con-
trol and 10 mice were injected in each group. After 1 week of
injection, female mice were superovulated by administration of 5
IU PMSG and 48 h later 5 IU hCG. Oocytes were collected
from ampullae of the oviduct at 14 h of hCG injection.

Statistical analysis

For each experiment, at least 3 replicates were performed. The
statistical analysis was conducted by independent-samples t-test
using SPSS software and P < 0.05 is considered significant. Data
were expressed as mean = SEM.
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