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Abstract

Background During oocyte maturation, DNA double-strand breaks (DSBs) can decrease oocyte quality or cause
mutations. How DSBs are repaired in dividing oocytes and which factors influence DSB repair are not well understood.

Results By analyzing DSB repair pathways in oocytes at different stages, we found that break-induced replication
(BIR) and RAD51-mediated homology-directed repair (HDR) were highly active in germinal vesicle breakdown (GVBD)
oocytes but suppressed in metaphase Il (MIl) oocytes and the BIR in oocytes was promoted by CDK1 activity. By
culturing oocytes in different media, we found that high-energy media, such as DMEM, decreased CDK1 protein levels
and suppressed BIR or HDR in MIl oocytes. In contrast, 53BP1-mediated nonhomologous end joining (NHEJ) repair
was inhibited in germinal vesicle (GV) and GVBD oocytes but promoted in MIl oocytes, and NHEJ was not affected

by DMEM medium and CDK1 activity. In addition, in DSB MIl oocytes, polymerase theta-mediated end joining (TMEJ)
was found to be suppressed by CDK1 activity and promoted by high-energy media.

Conclusions In summary, MIl oocytes exhibit high heterogeneity in DSB repair, which is regulated by both metabolic
factors and CDK1 activity. These results not only expand our understanding of oocyte DSB repair but also contribute
to the modification of in vitro maturation medium for oocytes.
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Background

Eukaryotic nuclear DNA double-strand breaks (DSBs)
are mainly repaired by the homology-directed repair
(HDR) and nonhomologous end joining (NHE]) path-
ways [1]. The competition between these DNA repair
pathways mainly depends on the cell cycle phase and
DNA end conditions [1, 2]. In the G1 phase, the DNA end
resection of DSBs is inhibited by 53BP1 (TRP53BP1 in
mouse or TP53BP1 in human), which promotes the abil-
ity of the KU protein-mediated NHE] pathway to ligate
double DSB ends [3]. However, in the S phase, the accu-
mulation of 53BP1 on DSBs is antagonized by BRCA1, so
that DSB ends can be resected, and the 3" overhangs can
bond with the strand exchange protein RAD51, which
then mediates DSB repair via HDR [4]. During HDR
repair of DSBs in the S and G2 phases, BRCA1 foci for-
mation at DSB sites is promoted by the activity of cyc-
lin-dependent kinase 1 (CDK1) [3, 5], which complexes
with cyclin B 1 (CCNB1) and plays critical roles in the
cell transition from the G2 phase to the mitosis phase
[6]. The DNA binding affinity of RAD51 can also be acti-
vated by the CDK1/CCNBI1 complex during the G2/M
phase [7]. In addition to classical HDR and NHE], DSBs
can also be repaired by alternative short homology-medi-
ated DSB repair pathways, such as single-strand anneal-
ing, polymerase theta-mediated end joining (TME]) and
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break-induced replication (BIR) [1, 8, 9]. All these repair
pathways form a decision tree for DSB repair, where cells
can not only choose the pathway for DSB repair but also
switch repair pathways during the DSB repair process
[10]. Although these DSB repair mechanisms are flexible
and well designed, DSBs can still be repaired erroneously
or untimely, which will lead to de novo genome mutation,
cell cycle delay, or even cell death. During sexual repro-
duction, the genome stability of germline cells needs to
be maintained to suppress the accumulation of delete-
rious mutations in the gene pool [11]. Investigation of
the DSB repair pathway in germline cells is essential for
preventing the accumulation of deleterious mutations in
germ cells and the germ cell loss caused by DNA dam-
age. However, the DNA damage response, genome stabil-
ity maintenance mechanism, and mutation features are
remarkably diverse in different germline cells and should
be studied separately [12, 13].

For adult females, fully grown germinal vesicle (GV)-
stage oocytes need to extrude one set of homolo-
gous chromosomes before fertilization. This process
is termed oocyte maturation, which starts with the
resumption of meiosis in GV oocytes and ends at the
metaphase II (MII) stage (Fig. 1). Generally, the seg-
regation of homologous chromosomes during oocyte
maturation can last for approximately 9 h in mice [14]
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Fig. 1 The maturation process of mouse oocytes. In the growing oocytes, the chromatin is decondensed and DNA transcription is active. When

the oocytes are fully-grown, the transcription is silenced and chromatin is condensed. At this time, a ring-like Hoechst positive structure surrounds
the nucleolus (SN), so these oocytes are termed as SN oocytes, and correspondingly, the growing oocytes without SN are termed as Non-SN (NSN)
oocytes. Both NSN and SN oocytes are meiosis arrested. At the in vivo condition, surge of endogenous luteinizing hormone (LH) or exogenous
human chorionic gonadotropin (hCG) can initiate the meiosis resumption of SN oocytes. At the in vitro condition, the meiosis resumption of SN
oocytes can occur automatically, and can be blocked by the Milrinone. Generally, 48 h after the injection of pregnant mare serum gonadotropin
(PMSG) in mouse, the SN oocytes can be fully prepared for meiosis resumption. After meiosis resumption in vivo or in vitro, the germinal vesicle (GV)
of oocytes will breakdown (GVBD). Then the first polar body (PB1) is extruded and oocyte is finally arrested at metaphase of the second meiosis (MIl)

stage, at which stage oocytes are matured for fertilization
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or more than 20 h in humans [15], which strongly
exceeds the division time required for second oocyte
meiosis and somatic cell mitosis. For women with pre-
mature ovarian insufficiency or who are undergoing
emergency cancer treatment, immature GV oocytes
might be retrieved and matured in vitro to the MII
stage and cryopreserved for fertility preservation [16].
In addition, during normal human assisted reproduc-
tion, immature GV and metaphase I (MI) oocytes can
also be used when the number of retrieved MII oocytes
is insufficient [17]. For these in vitro matured oocytes,
specialized culture media are important for maintain-
ing their developmental potential and genome stabil-
ity. Recent studies have shown that DSBs can form in
dividing oocyte chromosomes [14, 15], which might be
caused by different factors, such as topological stress
[18], or inherited from the GV stage [19, 20]. In dividing
and MII oocytes, HDR and NHE] have been reported to
be responsible for DSB repair [21, 22]. However, little is
known about whether there are other options for DSB
repair in oocytes and how DSB repair is regulated. Dur-
ing oocyte maturation, CDK1 and CCNB1 are critical
for oocyte GV breakdown (GVBD) [23] and aneuploidy
prevention [24]; however, how DSB repair is regulated
by CDK1 in oocytes has not been investigated.

In addition to intrinsic DSB repair pathways, exog-
enous factors can also regulate these DNA transactions.
In vitro culture conditions are also critical factors affect-
ing the DSB formation and repair in cells. In human
embryonic stem cells, low pH and high reactive oxygen
species caused by specific culture media can interfere
with DSB repair [25, 26]. During human assisted repro-
duction, in vitro culture of gametes and early embryos is
needed, whereas the in vitro maturation (IVM) medium
for oocytes still needs improvement. However, whether
there is a difference in genome stability between in vitro
matured oocytes and in vivo matured oocytes and
whether different culture media can affect oocyte DNA
repair have not yet been analyzed. Therefore, in this
study, we investigated DSB repair in maturating and
matured oocytes, as well as the effects of culture medium
on oocyte DSB repair.

Results

BIR-mediated repair of DSBs is suppressed in metaphase Il
oocytes

In our previous study, we found that DSBs in fully grown
GV oocytes (also termed SN oocytes due to the ring-like
Hoechst-positive structure surrounding the nucleolus,
Fig. 1) can be repaired by the BIR mechanism (Fig. 2A)
[27]. To analyze the features of DSB repair in the divid-
ing oocytes, treatment with 10 uM Bleomycin for 1 h
was used for DSB induction in the oocytes at different
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IVM stages. The IVM stages included IVM 2 h, when
the oocytes had undergone GVBD; IVM 5 h, when the
oocytes had developed at the premetaphase I stage; IVM
9 h, when the oocytes had developed to anaphase I to
the telophase I stage; and IVM 12 h and 14 h, when the
oocytes had extruded their first polar bodies (PB1). After
6 h of recovery from Bleomycin, BIR-mediated repair of
DSBs was detected by an EdU click reaction. All these
oocyte manipulations and cultivations were performed in
M2 media. As a result, we found that BIR repair of DSBs
could be observed at all maturation stages of the dividing
oocytes. However, the percentage of oocytes with strong
EdU signals was greatest at the IVM 2 h stage (97.0%)
and decreased gradually to 46.8% at the IVM 14 h stage
(p<0.01, Tukey HSD test, Fig. 2A and B), indicating that
the BIR repair of DSBs was suppressed as the oocyte
maturation. In addition, we compared the EdU signals
between oocyte and PB1 in the IVM 14 h oocytes, and
the result showed that BIR was suppressed in PB1 (0% of
PB1 had strong EdU signals vs 60% of oocytes had strong
EdU signals, p<0.01 according to Fisher’s exact test;
Fig. 2C). These results indicated that the BIR participated
DSB repair in dividing oocytes and was suppressed at the
MII stage. In addition, DSB repair by BIR was strongly
inhibited in PB1 of the MII oocytes.

To understand the molecular mechanism of BIR-medi-
ated DSB repair in dividing oocytes, we treated IVM
2 h oocytes with Bractoppin which inhibits the critical
HDR repair protein BRCA1, or Aphidicolin which inhib-
its DNA polymerase a and 8. For Bractoppin treatment,
the GV oocytes were firstly blocked from GVBD by Mil-
rinone. After treatment with Bractoppin (100 uM) for 3 h,
these oocytes were released from Milrinone, and IVM in
M2 medium for 2 h. Then, the oocytes were inducted
with DSBs by Bleomycin (10 uM/1 h) and released from
Bleomycin for more than 6 h. After EdU click reaction,
we found the percentage of oocytes with strong EdU sig-
nals decreased from 94.1% in the control group to 55.9%
in the Bractoppin treatment group (p<0.01, Tukey HSD
test, Fig. 2D). For the Aphidicolin treatment, GV oocytes
were also firstly blocked from GVBD by Milrinone. After
treatment with 0 uM, 3 uM, or 10 uM Aphidicolin for 3 or
10 h, the GV stage oocytes were released from Milrinone
and IVM in M2 medium. After 2 h of IVM, oocytes
were induced with DSBs by Bleomycin (10 uM/1 h) and
released from Bleomycin for more than 6 h (Fig. 2E).
After EAU click reaction, we found that the percentage
of oocytes with strong EdU signals decreased signifi-
cantly (from 92.6% in the 0 pM/3 h group to 62.5% in the
3 uM/3 h group, p<0.01; and to 48.4% in the 10 uM/3 h
group, p<0.01; Fisher’s exact test). Compared with those
of the 10 pM/3 h Aphidicolin treated oocytes, when the
oocytes were treated with 10 pM Aphidicolin for 10 h at
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Fig. 2 Break-induced replication is suppressed in metaphase Il oocytes. A DSB-induced DNA synthesis in oocytes at different developmental
stages. Newly synthesized DNA was labeled by the EdU click reaction. Scale bar, 20 um; GV, germinal vesicle; SN, fully grown oocytes
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IVM (statistics performed by Tukey HSD test). Oocytes with extruded PB1 were selected for induction of DSBs in the IVM 12 h and 14 h groups.
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the GV stage, the percentage of oocytes with strong EAU
signals further decreased from 48.4% in the 10 pM/3 h
group to 17.2% in the 10 uM/10 h group (p<0.05, Fish-
er’s exact test, Fig. 2E). These results indicating that HDR
and DNA polymerase a or § participated in the repair of
DSBs in dividing oocytes.

BIR suppression is strengthened in MIl oocytes which are
matured in vivo or by DMEM

For mammalian oocytes, their energy materials such
as glucose and pyruvate are mostly supplied by the

¥, p<0.05;**, p<0.01; ns, p>0.05. Repeat number and sample size are indicated by the number of dots

surrounding cumulus cells [28]. Cumulus cells can also
control the DSB sensitivity in oocytes [29]. For mouse,
oocyte could be super-ovulated by injection of pregnant
mare serum gonadotropin (PMSG) and human chori-
onic gonadotropin (hCG) (Fig. 1) [30]. When PMSG was
injected for 48 h, the oocytes could be synchronized to
the fully grown stage and be fully prepared for ovula-
tion. Then, when hCG was injected into mouse, the
oocytes would resume meiosis immediately. To analyze
whether the BIR repair of DSBs is affected by cumulus
cells and which factors participate in the regulation of
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oocyte DSB repair, we collected two groups of in vivo
oocytes and four groups of IVM oocytes. The in vivo
oocytes were collected from mice that were injected
with hCG for 2 h (hCG 2 h, corresponding to IVM 2 h
oocytes) or 14 h (hCG 14 h, corresponding to IVM 14 h
oocytes). The four groups of IVM oocytes includes (1)
DMEM-cultured IVM 14 h oocytes originating from the
cumulus-enclosed oocytes (CEOs), which were collected
at 48 h post PMSG injection (PMSG 48 h CEO DMEM
IVM 14 h); (2) DMEM-cultured denuded oocytes (DO)
from the PMSG 48 h CEOs (PMSG 48 h DO DMEM
IVM 14 h); (3) DMEM-cultured DOs collected from
mice without PMSG injection (DO DMEM IVM 14 h);
and (4) M2-cultured DOs collected from mice without
PMSG injection (DO M2 IVM 14 h). After treating these
oocytes with Bleomycin (10 pM/1 h) and released from
Bleomycin for more than 6 h, strong EAU signals could
only be found in the hCG 2 h oocytes (Fig. 3A), which is
comparable to what was observed in M2 medium based
IVM 2 h oocytes (Fig. 2A). However, no strong EdU sig-
nal was detected in oocytes from the PMSG 48 h CEO
DMEM IVM 14 h, PMSG 48 h DO DMEM IVM 14 h, or
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DO DMEM IVM 14 h oocytes (Fig. 3A), which was sig-
nificantly less than that in M2 based IVM 14 h oocytes
(p<0.01, Fisher’s exact test, Fig. 3A). These results indi-
cated that the DSB repair choice of MII oocytes might
be affected by the metabolic micro-environment of the
medium.

As different culture media induced the different DSB
repair features in these MII oocytes, we compared the
recipes of DMEM and M2 media. We found that M2
medium has a lower content of glucose (5.56 mM in M2
vs 25 mM in DMEM) and sodium pyruvate (0.33 mM in
M2 vs 1 mM in DMEM) and a different serum compo-
nent (4.0 g/L BSA in M2 vs 10% FBS in DMEM) and has
no supplementation with essential or nonessential amino
acids. To determine which factors in culture medium can
affect DSB repair in oocytes, the M2 medium was sup-
plemented with glucose (0.3 mg of glucose per 100 uL of
M2, M2+ @l), sodium pyruvate (144 pg of sodium pyru-
vate per 100 pL of M2, M2+ Py), FBS (10%, M2+ FBS),
glucose +sodium pyruvate (M2 + G.P.), glucose +sodium
pyruvate + FBS (M2 + G.P.F.), and glucose + sodium
pyruvate + FBS + essential/nonessential amino acids
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Fig. 3 Break-induced replication in MIl oocytes is regulated by the culture medium. A Break-induced replication in in vivo oocytes (2 h

or 14 h after hCG injection), DMEM-cultured cumulus-enclosed oocytes (CEOs, IVM 14 h), DMEM-cultured denuded oocytes (DOs, VM 14 h),

and M2-cultured DOs (IVM 14 h). EAU strong signals could be detected in in vivo hCG 2 h DSB oocytes and in M2 cultured VM 2 h DSB DO oocytes.
Statistics performed by Fisher's exact test. B IVM medium had no obvious effect on the polar body extrusion (PBE) rate of oocytes. Statistics
performed by Tukey HSD test. C Break-induced replication is suppressed in M2 +G.PF. and M2plus group oocytes. Statistics performed by Tukey
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(1 x essential/nonessential amino acids, M2plus) sepa-
rately, and these modified M2 media were used to cul-
ture oocytes and detect the BIR repair of DSBs. As a
result, we found that there was no obvious difference in
the polar body extrusion rate among these media (Tukey
HSD test, Fig. 3B). However, when the IVM 14 h oocytes
were treated with Bleomycin (10 uM/1 h) and released
from Bleomycin for more than 6 h, the frequency of
DSB oocytes with strong EdU signals was significantly
decreased in M2+G.PE (2.6%, p<0.01) and M2plus
(4.4%, p<0.01, Tukey HSD test) groups, compared with
that in the oocytes matured in M2 (27.9%) (Fig. 3C). In
addition, M2plus and M2+ G.P.E. cultured MII oocytes
had lower strong EAU signal rates than that in M2+ Gl
(23.4%, p<0.05 for M2plus group and p<0.01 for
M2+G.PE group), M2+Py (24.1%, 23.4%, p<0.05 for
M2plus group and p<0.01 for M2+ G.PF. group), and
M2 +FBS (21.3%, 23.4%, p<0.05 for M2plus group and
p<0.01 for M2+ G.P.F. group) cultured ones (Tukey HSD
test, Fig. 3C). These results indicated that BIR suppres-
sion in DMEM is caused by multiple metabolic factors.

RAD51-mediated homology-directed repair

but not 53BP1-mediated NHEJ in MIl oocytes is suppressed
by DMEM

To study whether DMEM culture affects other DSB
repair pathways, we analyzed the focus formation of
the HDR protein RAD51 and the NHE] protein 53BP1
in DSB oocytes. By microinjection of GFP-RADSI
cRNAs into the Milrinone-blocked SN oocytes for 3 h
and treated oocytes by Bleomycin (10 uM) for 1 h, we
found that GFP-RAD51 foci could be found in DSB SN
oocytes cultured by M2 medium (Fig. 4A), which is con-
sistent with our previous results [14, 27]. To analyze the
effects of different media on RAD51 foci formation in
GVBD oocytes, GFP-RADS51 cRNAs were injected into
Milrinone-blocked GV oocytes for 2 h, then oocytes
were released from Milrinone and cultured in M2 or
DMEM for 2 h. After treating with 10 uM of Bleomycin
for 1 h, GFP-RAD51 foci could be found in all the DSB
oocytes cultured by M2 or DMEM (Fig. 4B), indicat-
ing that RAD51 is important for DSB repair in dividing
oocytes, which is similar to the findings in somatic cells
[31]. When IVM 2 h oocytes cultured by M2 or DMEM
were inducted with DSBs by Bleomycin (10 uM/1 h), and
released from Bleomycin for 1 h, the antibody labeled
RADS51 foci could be found associating with the newly
synthesized DNA marked by EdU (Fig. 4C). When
oocytes were matured to MII stage by M2 or DMEM,, the
formation of GFP-RAD51 focus after DSB induction was
also different. For the M2 cultured oocytes, after release
from Bleomycin treatment for 1 h, 3 h, and 6 h, the per-
centages of DSB oocytes with GFP- RAD51 foci were
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27.6%, 50.9%, and 50.0%, respectively; however, for the
DMEM-cultured oocytes, these percentages were 0%, 0%,
and 18.2%, respectively, which were significantly lower
than those formed in the M2-cultured ones (p<0.01 for
oocytes released from Bleomycin for 3 h and p<0.05 for
the other two groups, Fisher’s exact test, Fig. 4D), indi-
cating that the RAD51-mediated HDR pathway in MII
oocytes was suppressed by DMEM.

As RAD51-mediated strand exchange is one of the
different factors that induces BIR [9], we analyzed
the correlation of GFP-RAD51 foci with the EdU sig-
nal in M2-cultured DSB MII oocytes, which had been
released from Bleomycin treatment (10 uM/1 h) for 3 h.
As a result, in the 18 EAU signal-negative oocytes, GFP-
RAD?51 foci were also negative, and in the 36 EdU signal-
positive oocytes, GFP-RAD51 foci were negative in 10
oocytes and positive in 26 oocytes (p <0.01, Fisher’s exact
test, Fig. 4E), indicating that RAD51 protein was associ-
ated with BIR repair in MII oocytes; however, it was pos-
sible that not all BIR events in DSB MII oocytes were
directly induced by RAD51.

Then, we analyzed the effects of IVM medium on
53BP1 foci formation. After microinjection of GFP-
53BP1 mRNA into oocytes which were cultured by M2
for different time, these oocytes were then treated with
Bleomycin (10 pM/1 h) and released from Bleomycin for
0.5 h. As a result, we found that GFP-53BP1 foci were
not detected in GV oocytes or IVM 2 h GVBD oocytes
but could be detected in IVM 14 h MII oocytes (0, O,
and 9.7 foci in average respectively, p<0.01, Kramer-
Nemenyi test, Fig. 4F), indicating that NHEJ-mediated
repair of DSBs was promoted in MII stage oocytes. Then,
we counted the number of GFP-53BP1 foci in M2- and
DMEM-cultured MII oocytes which were treated with
Bleomycin (10 pM/1 h) and released from Bleomycin for
0.5 h, 1 h, or 5 h. For DMEM cultured oocytes, compared
with those in the 1-h group of oocytes, the number of
GFP-53BP1 foci was significantly less in the 5-h group of
DMEM-treated oocytes (11.9 foci in average vs 3.8 foci,
p<0.05, Kramer-Nemenyi test). For M2 cultured oocytes,
compared with 1-h group oocytes, the number of GFP-
53BP1 foci was also significantly less in the 5-h group
oocytes (12.4 foci in average vs 2.3 foci, p <0.01, Kramer-
Nemenyi test, Fig. 4G). At all three time points, there was
no significant difference in the number of GFP-53BP1
foci between M2- and DMEM-cultured oocytes (Kramer-
Nemenyi test, Fig. 4G), indicating that DMEM could not
suppress or promote NHE] in MII-stage oocytes.

BIR in MIl oocytes is regulated by CDK1

Because the activity of the CDK1/CCNB1 complex is
critical for both oocyte maturation and DSB repair [7,
23, 24], we analyzed whether CDK1 affects DSB repair
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in oocytes during IVM and whether there was a differ-
ence in CDK1 protein levels between M2- and DMEM-
cultured oocytes. After treating the Milrinone blocked
GV oocytes with the CDK1 inhibitor RO-3306 [32] or
DMSO for 3 h, these oocytes were treated with Bleomy-
cin (10 uM/1 h) and released from Bleomycin for more
than 6 h. As a result, in these oocytes, the volumes of

DSBs induced yH2A X signals had no obvious difference
between DMSO and RO-3306 treated groups; however,
the number of EdU foci decreased in these RO-3306
treated DSB oocytes (the average number of foci was
45.9 in RO-3306-treated oocytes vs 102.7 in the DMSO
control group, p<0.05, Kramer-Nemenyi test, Fig. 5A),
indicating that CDK1 participated in BIR regulation in
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GV oocytes. Using the same method, we also analyzed
the effects of RO-3306 on the RAD51 foci formation in
DSB GV oocytes. As a result, we found that RO-3306
also suppressed the RAD51 foci formation in DSB GV
oocytes (in DMSO control oocytes, the average number
of RAD51 foci was 123.3; in RO-3306-treated oocytes,
the average number is 54.7; p<0.01, Kramer-Nemenyi
test, Fig. 5B). Similar to GV oocytes, after treating IVM
2 h and IVM 14 h oocytes with Bleomycin (10 pM/1 h)
and released from Bleomycin for more than 6 h, the
percentage of oocytes with strong EdU signals also sig-
nificantly decreased in RO-3306 treated DSB oocytes (for
IVM 2 h oocytes, 91.6% in the control group vs 19.0%
in the RO-3306 group, p<0.01; for IVM 14 h oocytes,
24.3% in the control group vs 9.0% in the RO-3306
group, p <0.05; Tukey HSD test, Fig. 5C and D). Next, we
detected whether RO-3306 could affect 53BP1 forma-
tion in M2-cultured DSB MII oocytes. As a result, there
RO-3306 had no obvious effect on the GFP-53BP1 foci
formation in DSB MII oocytes (an average of 5.1 GFP-
53BP1 foci formed in the control DSB MII oocytes vs
6.8 foci formed in the RO-3306-treated ones, p>0.05,
Kramer-Nemenyi test; Fig. 5E). These results indicated
that the HDR pathways but not NHE] were regulated by
the activity of CDK1 in oocytes.

To study whether the suppression of BIR- and RAD51-
mediated HDR was associated with CCNB1/CDK1 pro-
tein levels in DMEM or the M2 + G.P.E. medium cultured
oocytes, we detected the CDK1 and CCNBI1 protein
levels in MII oocytes that were matured in vitro in M2,
DMEM or M2+ G.P.E. medium. Compared with those
in MII oocytes matured in M2, the protein levels of both
CDK1 and CCNB1 were decreased in oocytes matured
in DMEM and M2+ G.P.F. medium (Fig. 5F). It has been
reported that when CDK1 is suppressed, the metaphase
chromosomes in MII oocytes can break through MII
arrest and transform into the nucleus [33]. Indeed, when
oocytes were matured in DMEM for 24 h or matured in
M2 medium for 12 h and treated with RO-3306 for 12 h,
a pronucleus-like single nucleus could be found in a small
number of oocytes (2 in 99 DMEM-cultured oocytes and
5 in 97 RO-3306-treated M2 cultured oocytes), but no
nucleus was found in oocytes which were matured in M2
medium for 24 h (Fig. 5G). Although there was no signifi-
cant difference in the proportion of oocytes forming new
nucleus among the groups, the increase of the number of
oocytes with nucleus suggested that the activity of CDK1
in the DMEM-cultured and RO-3306-treated oocytes
had indeed been weakened.

Then, the exogenous cRNAs expressing CCNBI1-mVe-
nus and CDK1-mCherry were used to further confirm the
functions of CCNB1/CDK1 on oocyte DSB repair. Firstly,
the cRNAs of EGFP, CCNBI-mVenus, CDKI-mCherry,
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and CCNBI-mVenus mixed with CDKI1-mCherry were
micro-injected into the GV oocytes which had been
blocked by Milrinone. The fluorescent protein signals
could be detected 3 h post cRNA micro-injection. And
after 8 h, comparing to the oocytes injected with EGFP
cRNAs (none of which had GVBD, N=26), there were
80.0% (N=40), 39.4% (N=33), and 100% (N=23) of
oocytes injected with CCNBI-mVenus, CDK1-mCherry,
and CCNBI-mVenus+ CDKI-mCherry cRNAs, had
GVBD respectively (p<0.01, Fisher’s exact test, Fig. 6A).
Secondly, the cRNAs of EGFP and CCNBI-mVenus
mixed with CDK1-mCherry were micro-injected into the
MII oocytes which were in vitro matured by M2+ G.P.E.
medium. After waiting for 3 h for the expression of exog-
enous cRNAs, the oocytes were treated with Bleomycin
(10 uM/1 h) and released from Bleomycin for 6 h. Then,
the newly synthesized DNA were detected by EdU click
reaction. As a result, there were 15.4% of oocytes (N=26)
had strong EdU signals in for the EGFP injected oocytes;
whereas there were 85.4% of oocytes (N=48) had strong
EdU signals for the CCNBI-mVenus+ CDKI-mCherry
injected oocytes (p<0.01, Fisher’s exact test, Fig. 6B),
indicating that over-expression of CCNB1 and CDK1
could promote the BIR repair of DSB in MII oocytes.

TMEJ is promoted in MIl oocytes by DMEM cultivation

or CDK1 inhibition

It had been reported that POLQ-mediated TME] repairs
DSBs in somatic cells at the mitotic stage [34]. Therefore,
we analyzed whether TME] repairs DSBs in these MII
oocytes. After DSB induction by Bleomycin (10 uM/1 h)
and 1 h release from Bleomycin, the POLQ foci were
detected in 40.0% of the DMEM-cultured MII oocytes
but not in the M2-cultured MII oocytes (p<0.01, Fisher’s
exact test, Fig. 7A), indicating that TME]J-mediated DSB
repair might not be used by all of the DMEM-cultured MII
oocytes and that the TME] in MII oocytes was inhibited by
M2 medium. Then, we analyzed whether the TME] path-
way is associated with CDK1 activity. For the oocytes that
matured in M2+ G.PE. medium for 16 h, and the oocytes
matured in M2 for 12 h and treated with RO-3306 for 4 h,
after Bleomycin treating and releasing, the POLQ foci
were detected in 50.0% and 35.0% of these oocytes, respec-
tively. However, no POLQ foci were found in these DSB
MII oocytes which had been matured in M2 medium for
16 h and inducted with DSBs (p<0.01, Fisher’s exact test,
Fig. 7B). These results indicated that TME] participated in
DSB repair in MII oocytes and was also regulated by CDKI.

Discussion

In the mitosis stage of somatic cells, DSB repair is sup-
pressed to prevent telomere fusion [35]. In this study,
the DSB repair in dividing oocytes were analyzed. Our
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results indicate that at least four options are available for
repairing DSBs in MII oocytes, including RAD51-medi-
ated HDR, NHE]J, BIR, and TME]J, in which HDR, BIR,
and TME] are regulated by Cdk1 activity and the oocyte
culture media. NHE] repair is inhibited in GV and GVBD
(IVM 2 h) oocytes but is slightly activated in MII oocytes.
In contrast, BIR- and RAD51-mediated HDR repair are
highly activated in the GVBD stage oocytes but are sup-
pressed in the MII stage oocytes. TME] repair can also be
detected in the MII-stage oocytes, but it occurs only in a
small proportion of oocytes that are matured in DMEM
or M2+ G.P.F. medium. Our data showed that there were
some oocytes whose DSBs could neither be repaired by
BIR and RAD51-mediated HDR nor repaired by TME].
Considering that 53BP1 foci were vastly dispersed and
were present in small numbers in DSB MII oocytes, it
could be inferred that DSB repair was suppressed in some
MII oocytes. The incomplete inhibition of DSB repair in
MII oocytes could also indicate that there is inherent het-
erogeneity of DSB repair in these oocytes.

For mammalian early embryo development, the mate-
rials supporting the first few cell divisions are provided
by the oocytes [36]. The DNA replication stress and DSB
responses in early embryos are associated with the chro-
matin state and the materials carried by oocytes. It has
been reported that maternal deletion of CHK1, would
stabilize CDC25A and activate CDK1, causing the prema-
ture mitotic entry in about half of early embryos [37]. On
one hand, this data indicates the regulation of CDK1 in
oocyte and embryo are important; on the other hand, the
heterogeneity of early embryos response to CHK1 dele-
tion was manifested. As the early embryos are also cul-
tured in artificially prepared culture medium like KSOM,
which might also generate heterogeneity in embryos, just
like the DSB repair heterogeneity in MII oocytes. There-
fore, it should be paid attention to that whether the het-
erogeneity of the in vitro cultured embryos also exist in
in vivo embryos or was the generation of heterogeneity
related to the embryo cultivation conditions. It has been
reported that DSBs can be generated by different mech-
anisms in oocytes and embryos [14, 15, 19, 38—41]. If it
can be proven that metabolites have an impact on DNA
response proteins, the different media used for gamete
and embryo manipulation and cultivation during human
assisted reproduction may affect the DSB repair in these
cells and further affect the clinical outcomes.

In human preimplantation embryos, faster or earlier
cleaving embryos generally have greater blastocyst mor-
phological quality and greater implantation and birth
rates [42, 43]. It has been reported that fast-cleaving
zygotes have higher glucose consumption rates at the
blastocyst stage, and the corresponding blastocysts have
a lower rate of aneuploidy [44]. In addition, replication
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stress-generated DSBs in zygotes can persist into the
G2 phase and lead to aneuploidy in embryos [45]. All
these data indicated that DSB burden and delayed cell
cycle might cause mitotic aneuploidy in preimplantation
embryos. Although mitotic aneuploidy might be a uni-
versal phenomenon in human embryos and aneuploidy
cells could be filtered out in the inner cell mass which
carries cells that will develop into human individual [46],
high rate of mitotic aneuploidy in embryos is absolutely
harmful and would increase the risk of miscarriage and
specific human diseases [47, 48]. In this study, CDK1 was
found to be able to regulate the DSB repair pathways in
GV, GVBD, and MII oocytes. In the about 200 targets of
CDK1 [49], in addition to RAD51 and RAD52 [7], DSB
repair enzymes like MRE11 and CtIP are also regulated
by CDK1 [50, 51], indicating that CDK1 plays essential
roles in DSB repair and may affect chromosome stabil-
ity through impairing DSB repair. In addition, the classic
function of CDK1 is to control the cell cycle and chro-
mosome segregation, so chromosome number instabil-
ity could also be directly caused by CDK1 deficiency [52,
53]. As features of oocyte are inherited by early embryos,
it can be speculated that CDK1 may play a key role in the
formation of early embryonic aneuploidy and should be
monitored during gamete or embryo development.

Culture conditions in gametes and early embryos may
not only affect the genome stability but also affect epi-
genome stability [54]. Pyruvate deprivation in culture
medium would constrict nucleus localization of tricarbo-
xylic acid cycle enzymes and alter histone modifications
in early embryos [55]. Interfering of pyruvate metabolism
during IVM would alter the histone acetylation level at
H3K9 in bovine oocytes [56]. High concentration of glu-
cose could affect the DNA methylation at PEG3 gene in
human IVM oocytes [57]. All these data above indicated
that metabolic micro-environment changes could induce
epigenetic changes in gametes and embryos and make
them weaker in developmental ability or carry unhealthy
factors. In this study, we linked metabolites in the cul-
ture medium to CDK1 protein level and DSB repair. In
embryonic stem cells, epigenetic regulators are phospho-
rylation targets of CDK1, and alteration of CDK1 activ-
ity would affect the global epigenetic landscape [58]. And
the DSB repair choices are affected by the pre-existing
histone modifications, such as H4K16ac, as well as DSB
induced modifications [59, 60]. Whether the epigenetic
changes caused by metabolites is mediated by CDK1 and
whether CDK1 also takes effects on DSB repair through
histone modification are also worth our concern.

During human reproduction, complex genome rear-
rangement in gametes or embryos might cause rare
diseases in human [61-63]. The complex genome rear-
rangements are very common in cancer cells [64] and can
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be promoted by the template switching and BIR repair of
DSBs [65—67]. In oocytes, we found BIR could be induced
by DSBs in SN, GVBD, and MII stage oocytes but not in
the NSN oocytes whose chromatin are less condensed
[27]. As the high pathogenicity of complex genome rear-
rangement, the DSBs as well as BIR pathway should be
avoided during IVM, and regulating BIR from the per-
spective of metabolites may be a potential approach.

Conclusions

This work reveals that the DSB repair in MII oocytes is
regulated by the CDKI1 activity and oocyte metabolic
micro-environment. CDK1 promotes BIR and RAD51-
mediated HDR but suppress the TME], whereas high
energic media promote TME] but suppress BIR and
RAD51-mediated HDR. Oocyte in vitro maturation
media have no obvious effect on 53BP1-mediated NHE].

Methods

Oocyte collection and in vitro maturation

All animal manipulations in this study were approved by
the Ethics Committee of Guangdong Second Provincial
General Hospital. The oocytes used in this study were
isolated from 8- to 12-week-old female ICR strain mice.
To isolate GV oocytes, mouse ovaries were chopped and
dispersed in M2 medium (Sigma, M7167). To isolate
CEOs, 10 IU of PMSG was injected into mice, and the
CEOs were isolated from mouse ovaries 48 h after PMSG
injection. The denuded oocytes were squeezed from sur-
rounding cumulus cells by a mouth pipette. To block
GV-stage oocytes from GVBD, 2.5 pM milrinone (MCE,
HY-14252) was added to M2 medium for oocyte manipu-
lation. To isolate in vivo oocytes at different maturation
stages, mice were injected with 10 IU of hCG 48 h after
PMSG injection. In vivo GVBD oocytes were isolated
from ovaries at 2 h after hCG injection. Cumulus-oocyte
complexes were collected from oviducts 14 h after hCG
injection, and in vivo generated MII oocytes were iso-
lated from cumulus-oocyte complexes via hyaluronidase
(Sangon, A600503) treatment.

For in vitro maturation of GV oocytes, the oocytes were
washed with M2 medium 3 times to remove Milrinone
and then cultured in different media covered with mineral
oil (Sigma, M8410) until the end of the experiment. In this
study, the media used for IVM were M2, DMEM (San-
gon, E600003; with 10% FBS, Tocyto, UT81304), M2+Gl
(M2+1% (v/v) 0of 0.3 g/ml glucose), M2+ Py (M2 +1% (v/v)
of 0.0144 g/ml sodium pyruvate), M2+FBS (M2+10%
FBS), M2+G.P. (M2+glucose+pyruvate)) M2+G.PE
(M2+glucose+pyruvate+10%  FBS), and M2plus
(M2+glucose + pyruvate + pyruvate + 10% FBS + 1 X essen-
tial amino acid (Procell, PB180425)+ 1 X nonessential
amino acid (Procell, PB180424)).
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Chemical agent treatments of oocytes

In this study, DSBs in oocytes were induced by a 1-h
treatment with 10 uM Bleomycin (Selleck, S1214). To
suppress the activity of CDK1 in oocytes at the GV stage,
10 uM RO-3306 (MCE, HY-12529) was used to treat the
oocytes throughout the course of the experiment. To sup-
press CDK1 in IVM 2 h, IVM 12 h, or IVM 14 h oocytes,
the oocytes were first cultured for 2 h or 14 h and then
treated with 10 pM RO-3306 for the following experi-
ments. To block the activity of BRCA1, 100 pM Brac-
toppin (MCE, HY-126020) was used to treat oocytes. To
block DNA polymerases, Aphidicolin (Glpbio, GC10867)
was used to treat the oocytes throughout the course of
the experiment. In these chemical agent treatment exper-
iments, DMSO (MCE, HY-Y0320) was used as the con-
trol agent.

Immunofluorescence labeling

For immunofluorescence labeling, the oocytes were fixed
with 4% paraformaldehyde and permeabilized with 0.3%
Triton X-100 for 15 and 20 min at room temperature (RT).
To denature oocyte proteins such as POLQ and RAD5], the
oocytes were treated with Quick Antigen Retrieval Solu-
tion for Frozen Sections (Beyotime, P0090) for 30 min at
RT. Then, the oocytes were blocked in PBST (0.1% Tween-
20 in PBS) supplemented with 1% bovine serum albumin
(Sangon, A600332) for 30 min at RT and incubated with
primary antibody (1:100-1:200 dilution in blocking buffer)
overnight at 4 °C. After 5 washes with PBST, the oocytes
were incubated in PBST with secondary antibody for 3 h at
RT. Then, the oocytes were washed with PBST 5 times and
mounted with Antifade Mounting Medium supplemented
with DAPI (Beyotime, P0131). An Andor Dragonfly Confo-
cal Microscope System was used for oocyte immunofluo-
rescence image capture. All image data were analyzed using
the Image | software [68]. The primary antibodies used in
this study were anti-yH2AX (Bioworlde, BS4760), anti-
tubulin (Tubulin-Tracker Red, Beyotime, C1050), anti-GFP
(Abbkine, ABT2020), anti-RAD51 (Zen-bio, 200,514), and
anti-POLQ (Sangon, D263727).

EdU click reaction

To label the newly synthesized DNA in the oocytes,
10 uM EdU (Beyotime, ST067) was added to the culture
medium during the experiments. The EAU click reaction
was performed according to the instructions of the EAU
Cell Proliferation Kit with Alexa Fluor 488 (Beyotime,
C0071S). In brief, the oocytes were first fixed in PBS sup-
plemented with 4% paraformaldehyde for 15 min and
then permeabilized in PBS supplemented with 0.3% Tri-
ton X-100 for 20 min at RT. After immunofluorescence
labeling, if needed, the oocytes were treated with click
reaction buffer at RT for 1 h and then washed with PBST
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5 times. Then, the oocytes were mounted with Antifade
Mounting Medium supplemented with DAPIL

Western blot

To compare the protein levels in different groups of
oocytes, 50 oocytes in 10 pL of M2 medium from each
group were added to 2 pL of 5XxX SDS—PAGE sample load-
ing buffer and boiled for 5 min. Then, the samples were
centrifuged and used for Western blotting. The proteins
were transferred onto 0.2 um PVDF membranes (Beyo-
time, FFP24) and labeled with primary and secondary
antibodies. The primary antibodies used in this study
were anti-CDK1 (Proteintech, 67,575-1-Ig), anti-CCNB1
(Abcam, Ab181593), and anti-Cofilin (Abcam, 66,057-1-
Ig) as internal reference proteins. After antibody incuba-
tion and washing, the protein bands were detected using
an enhanced chemiluminescence reagent kit (Vazyme,
E412) with a Bio-Rad ChemiDoc system. All western blot
results were repeated for three times.

cRNA preparation and oocyte microinjection

The CDS regions of mouse CDK1, RAD51 and 53BP1 were
amplified from mouse ovarian cDNAs. Then, the CDSs
were recombined into the multiple cloning sites of the
pmCherry-N1 or pEGFP-C1 vector with a Seamless Cloning
Kit (Beyotime, D7010). The recombinant CDKI-mCherry,
GFP-RAD51, and GFP-53BP1 plasmids were transformed
into E. coli, and the sequences were identified by bacterial
plasmid sequencing. Then, the sequences expressing recom-
binant proteins and the EGFP gene in pEGFP-C1 were
amplified using the following primer pairs: forward primer,
GTGAATTGTA ATACGACTCA CTATAGGGCA GGT
CTATATA AGCAGAGCT, which contains a T7 promoter,
and reverse primer, AATATTAACG CTTACAATTT. The
mouse CCNBI CDS linked with mVenus coding sequence
was insert into the pcDNA3.1 vector, and the CCNBI-
mVenus gene was amplified by primers: forward primer,
CTCTCTGGCT AACTAGAGAA CC, and reverse primer,
GGGGATACCC CCTAGAGC. The amplified PCR prod-
ucts were purified using a QIAquick PCR Purification Kit
(Qiagen, 28,104) and transcribed in vitro into cRNAs with a
HiScribe T7 ARCA mRNA Kit (NEB, E2060).

The cRNAs were injected into oocytes using the Eppen-
dorf PiezoXpert system. For the GFP-RAD5I or GFP-
53BP1 cRNAs, GV-stage oocytes blocked in medium
supplemented with Milrinone were treated with bleomy-
cin 3 h after cRNA injection. For the IVM 2 h oocytes,
cRNAs were injected into the Milrinone-blocked GV
stage oocytes, and then these oocytes were released from
Milrinone and cultured in vitro for 2 h and treated with
Bleomycin for 1 h. For the IVM 14 h oocytes, the oocytes
that had extruded PB1 were injected with cRNAs,
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maintained in medium for 1 h, and then treated with
Bleomycin. As the GFP structures could be destroyed by
the click reaction, when both the EdAU and GFP-RAD51
needed to be detected, the GFP-RAD51 signals were fur-
ther detected using GFP antibodies.

For the EGFP, CCNB1-mVenus, and CDKI-mCherry
cRNAs, they were injected into Milrinone blocked GV-
stage oocytes for 8 h to observe the GVBD of oocytes.
The expression of fluorescent proteins was detected by
couple-charged device camera 3 h after micro-injection.
These cRNAs were also injected into the M2+ G.PE
medium matured MII oocytes. After injection for 3 h,
these oocytes were treated with Bleomycin for 1 h and
released from Bleomycin for 6 h to analyze the effects of
exogenous proteins on oocyte DSB repair.

Statistics

In this study, the significance of the differences in pro-
portions between different groups was analyzed using
Fisher’s exact test. The mean values were firstly ana-
lyzed by Shapiro-Wilk normality test and Levene’s
test. Then, ANOVA combined with Tukey HSD test or
Tukey-Kramer-Nemenyi test was used to analyze the
significance of differences in means between different
groups. All statistical analysis were performed using the
R software (https://www.r-project.org/). p values<0.01
indicated very significant differences (**), p values<0.05
and >0.01 indicated significant differences (*), and p val-
ues >0.05 indicated nonsignificant differences. To count
the protein focus numbers or volumes in the oocytes,
the oocyte immunofluorescence labeling images were
scanned using the Z-scan method in the Andor Dragon-
fly confocal system, and the number and volume of foci
were analyzed using the Image J software.
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