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DNA damage is a critical threat that poses significant challenges to all cells. To address this issue, cells have evolved a sophisticated
molecular and cellular process known as the DNA damage response (DDR). Among the various cell types, mammalian oocytes,
which remain dormant in the ovary for extended periods, are particularly susceptible to DNA damage. The occurrence of DNA
damage in oocytes can result in genetic abnormalities, potentially leading to infertility, birth defects, and even abortion. Therefore,
understanding how oocytes detect and repair DNA damage is of paramount importance in maintaining oocyte quality and
preserving fertility. Although the fundamental concept of the DDR is conserved across various cell types, an emerging body of
evidence reveals striking distinctions in the DDR between mammalian oocytes and somatic cells. In this review, we highlight the
distinctive characteristics of the DDR in oocytes and discuss the clinical implications of DNA damage in oocytes.
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INTRODUCTION

DNA, the fundamental molecule of heredity, is considered a
remarkably stable entity. However, its inherent stability does not
render it impervious to the potential threats posed by numerous
endogenous and exogenous assaults during cellular processes.
Therefore, cells have evolved a specialized defense mechanism to
safeguard genomic integrity, which is collectively termed the DNA
damage response (DDR)'. DDR signaling coordinates an intricate
network of various cellular processes, such as cell cycle arrest, DNA
repair, apoptosis, and senescence. Defects in the DDR may lead to
genomic instability, contributing to tumorigenesis and several
disorders®>. The DDR encompasses multiple pathways, each
involving the detection of and response to specific types of DNA
lesions, such as intrastrand crosslinks, base modifications, single-
strand breaks (SSBs), and double-strand breaks (DSBs). Given the
heightened risk of DSBs among diverse DNA lesions, we will focus
on the DDR associated with DSBs in this review.

In eukaryotic cells, cellular responses to DSBs are coordinated
through highly conserved signaling cascades controlled by the
kinase ataxia telangiectasia mutated (ATM)®™8, ATM is activated
at DSB sites through its interaction with the MRE11-RAD50-NBS1
(MRN) complex, initiating a series of phosphorylation events’.
Once activated, ATM phosphorylates several substrates, includ-
ing the histone variant H2AX (referred to as y-H2AX), the MRN
complex, and the downstream checkpoint kinase 2 (CHK2)%°,
Activated CHK2, in turn, phosphorylates multiple proteins
involved in cell cycle progression or apoptosis, such as the
p53 tumor suppressor protein and cell division cycle 25 (CDC25)
phosphatase'®'". Recent studies have highlighted an additional
layer of complexity by revealing that CHK1 is also activated by
ATM'23 Thus, ATM-CHK1/2 cascade events stimulate the
activity of WEE1 and maintain a high level of inhibitory
phosphorylation of cyclin-dependent kinase 1 (CDK1),

preventing cell cycle progression in the presence of unrepaired
DNA damage®'"'®. Furthermore, several proteins, including
mediator of DNA damage checkpoint 1 (MDC1), p53-binding
protein 1 (53BP1), breast cancer susceptibility gene 1 (BRCAT1),
and the ubiquitin ligases ring finger containing nuclear proteins
8 (RNF8), are recruited to DSB sites. These proteins play a crucial
role in coordinating DSB repair by further recruiting downstream
repair factors®>'%.

Women are born with a finite pool of primordial follicles, which
serve as the source of oocytes throughout their reproductive life'>.
During this prolonged period, mammalian oocytes within the
ovary remain arrested at the beginning of the first meiosis,
rendering them particularly susceptible to various endogenous
and exogenous insults that may cause DNA damage'®. The
accumulation of DNA damage can result in serious chromosomal
abnormalities in embryos, ultimately leading to abortion or
infertility'”"'®. Therefore, understanding the DDR in oocytes is of
paramount importance in reproductive biology and fertility
preservation. While extensive research has shed light on DDR
mechanisms in somatic cells, such as in the context of cancer, we
are only now beginning to understand the complex array of the
DDR in mammalian oocytes. In this review, we highlight the
distinct characteristics of the DDR in mammalian oocytes and
discuss the clinical implications of DNA damage in oocytes,
particularly in relation to decreased fertility.

OOCYTE DEVELOPMENT AND MATURATION

Mammalian oogenesis begins during early embryogenesis with
the emergence of primordial germ cells'®?°. These cells migrate
to the genital ridge and develop into primary oocytes
surrounded by somatic cells, thus forming primordial folli-
cles?®?', During this process, primary oocytes enter meiosis at
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DNA damage-induced apoptosis in oocytes. a TAp63-induced apoptosis in oocytes from primordial and primary follicles. DNA

damage triggers the activation of TAp63, which in turn mediates oocyte apoptosis by inducing the transcription of PUMA and NOX and the
subsequent inhibition of BAX and BAK. b Decreased apoptosis during follicular development. During the early stages of follicular
development, both primordial and primary follicles highly express TAp63, which allows them to respond to DNA damage through apoptosis.
However, as follicles progress to the late antral stage, TAp63 expression diminishes. Consequently, fully grown oocytes become less prone to

undergo apoptosis after DNA damage.

the prophase stage, a crucial phase for genetic dynamics in
which homologous chromosomes pair and recombine'®. After
birth, oocytes reach the diplotene stage of prophase and remain
arrested in the ovaries for several months to decades before
resuming their meiotic cycle??. These oocytes are characterized
by a large nucleus known as the germinal vesicle (GV). Following
the hormonal surge at puberty, oocytes resume meiosis by
undergoing GV breakdown (GVBD), leading to chromatin
condensation. After GVBD, oocytes enter the metaphase | (Ml)
stage, where chromosomes randomly align to the cell equator
and kinetochores are captured by dynamically expanding and
contracting microtubules, ensuring correct biorientation®*. This
strategic division ensures that sister kinetochores form indivi-
dual structures within a pair that can form independent
attachments to spindle kinetochore fibers from the same pole
of the spindle, while homologous kinetochores attach to the
opposite pole, reducing the ploidy of cells in meiosis I**7°. In
late MI, the meiotic spindle migrates to the nearest cortex via a
mechanism that is regulated by actin filaments®’. Simulta-
neously, the kinetochore-microtubule (K-MT) attachments are
fully completed, leading to the separation of homologous
chromosomes. In contrast to mitosis, which yields two daughter
cells of equal sizes, asymmetric meiosis results in one daughter
cell acquiring the majority of the cytoplasm, while the remaining
cell, called a polar body, receives a minimal amount of
cytoplasm?®. After extruding the first polar body, oocytes
immediately enter the second meiosis and remain arrested at
the metaphase Il (MIl) stage while awaiting fertilization by
sperm. Oocytes are then ready for ovulation in the MIl stage,
where they are released into the oviduct through a series of
dynamic tissue remodeling events. Following fertilization,
arrested meiosis is reinitiated to extrude the secondary polar
body, leaving behind a haploid female pronucleus®.

DISTINCT FEATURES OF THE DNA DAMAGE RESPONSE IN
OOCYTES

Although the DDR is a highly conserved cellular process,
mounting evidence points to significant differences between the
DDR in mammalian oocytes and that in somatic cells. In this
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section, we highlight the distinct features of the DDR in
mammalian oocytes.

Decreases in apoptosis during follicular development
Oocytes within primordial follicles readily undergo apoptosis by
triggering the transactivating p63 (TAp63)-dependent signaling
pathway in response to DNA damage®*~3. As a homolog of p53,
TAp63 is highly expressed and orchestrates apoptosis in the
oocytes of primordial follicles***°>, When DNA damage occurs,
TAp63 is activated through the sequential phosphorylation
mediated by the canonical ATM-CHK2 signaling pathway>°.
Activated TAp63, in turn, induces the transcription of the BH3-
only proapoptotic BCL2 family proteins PUMA and NOXA®°. Like all
BH3-only proteins, both proteins initiate apoptosis by activating
the proapoptotic BCL2 family proteins BAX and BAK'®*’. The
subsequent translocation of BAX/BAK to mitochondria triggers
apoptotic reactions, such as cytochrome c release and caspase 9
activation®®, This cascade of events ultimately leads to oocyte
apoptosis (Fig. 1a). Indeed, the oocytes of TAp63-null mice are
resistant to chemotherapeutic agents, including irradiation and
cisplatin, at doses that can kill the oocytes of wild-type and p53-
null mice, indicating that TAp63 regulates oocyte apoptosis®'>°.
Similarly, PUMA- or PUMA/NOXA-null mice also exhibit a high
capacity for survival against genotoxins, which reduces the
amount of cell residue in wild-type oocytes*®*'. Thus, TAp63
and PUMA/NOXA play crucial roles in initiating apoptosis during
the primary phase of oocyte development.

While oocytes derived from PUMA or PUMA/NOXA knockout
models exhibit high resistance to apoptosis, they maintain fertility
and produce healthy offspring®. These findings suggest that
these cells have a highly efficient DNA repair mechanism and
normal oocyte functionality. Notably, TAp63 expression is high in
primordial/primary follicles and gradually decreases as follicles
develop®'*°. This decrease in TAp63 expression reduces the
capacity of oocytes to respond to apoptotic signals. Consequently,
fully grown oocytes in late-stage follicles can survive and continue
their development, even in the presence of accumulated DNA
damage®'. During this period, the DNA repair pathway of oocytes
becomes the main safeguard against DNA damage, effectively
preventing DNA accumulation (Fig. 1b). Considering that female
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Fig.2 DNA damage checkpoints in oocytes. a Lack of a robust G2/M DNA damage checkpoint. The canonical ATM-CHK1/2-CDC25 pathway is
downregulated in fully grown oocytes and is partly influenced by WIP1 activity. Instead, oocytes use a noncanonical G2/M DNA damage
checkpoint, which is associated with the regulation of APC/C-Cdh1 activity. DNA damage induces EMI1 degradation and MDC1 dissociation
from APC/C-Cdh1, as well as CDC14B activation, which eventually leads to an increase in APC/C-Cdh1 activity. This, in turn, promotes cyclin B1
degradation, subsequently delaying GVBD. b DNA damage-induced SAC arrest. In general, the SAC is activated in the presence of unattached
kinetochores, which leads to the inhibition of APC/C and subsequent anaphase onset. However, in oocytes with DNA damage, the SAC is

activated independently of unattached kinetochores during meiosis .

germ cells are finite from birth, the reason why apoptosis is
favored at the primary stage but then this preference gradually
switches to the DNA repair pathway is unclear. Since the
reproductive lifespan of a female is established during fetal
development and persists until menopause without generating
new pools'?, it is crucial to preserve high-quality oocytes from the
initial stages. In this context, apoptosis during the early develop-
ment of follicles and oocytes may serve as the primary checkpoint
for identifying and eliminating severely damaged cells instead of
attempting to repair them. This process also acts as a proactive
measure to reduce the potential transmission of genetic muta-
tions to future generations. However, once oocytes have fully
grown and are ready to resume meiosis, they become a valuable
resource for future fertilization. Thus, by prioritizing DNA repair
over apoptosis in these mature oocytes, the female reproductive
system may maximize the chances of producing offspring while
maintaining genomic integrity. Understanding the mechanism
underlying the reduction in apoptosis during follicle/oocyte
development may provide valuable insights into preserving
high-quality oocytes throughout the reproductive lifespan of
females and ensuring that healthy genetic material is provided for
embryos; however, a detailed investigation is still needed.

Lack of a robust G2/M DNA damage checkpoint

The cell cycle is a highly regulated process that ensures accurate
duplication and segregation of genetic material*'~*, The G2/M
DNA damage checkpoint plays a critical role in this process by
monitoring DNA integrity before cells enter mitosis, acting as a
protective barrier against mitotic entry in cells with DNA
4445 By allowing sufficient time for DNA repair and
genomic stability maintenance, this checkpoint helps to safeguard
genomic integrity. Because the stage of prophase arrest of oocytes
corresponds to the G2/M transition of somatic cells*, the
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mechanisms governing the G2/M checkpoint in response to
DNA damage in oocytes were initially assumed to be similar to
those in somatic cells. However, recent studies have reported that
DNA damage, which typically causes G2 arrest in somatic cells,
does not arrest fully grown mouse oocytes in prophase unless the
damage is severe, suggesting that oocytes lack a robust G2/M
checkpoint'®*"~>° (Fig. 2a). This inability to establish G2/prophase
arrest is due to the lack of ATM kinase activation, which indicates
low ATM expression. Only high levels of DNA damage can activate
ATM in mouse oocytes, leading to CHK1-dependent inhibitory
phosphorylation of CDC25 and prevention of meiosis resump-
tion®°. Prophase arrest has also been observed in other
mammalian species, as human and porcine oocytes do not
appear to initiate a checkpoint foIIowin(T; exposure to high levels
of genotoxic agents such as etoposide®'>2,

However, why oocytes exhibit a deficiency in the G2/M DNA
damage checkpoint remains unclear. However, the inhibition of
wild-type p53-induced phosphatase 1 (WIP1) following DNA
damage increases the level of y-H2AX through ATM activation,
effectively establishing the G2/M checkpoint in response to DNA
damage. This, in turn, leads to the delay or inhibition of meiotic
resumption’>. These findings suggest that oocytes can mount a
robust G2/M DNA damage checkpoint, but this response is
suppressed by WIP1 activity. Given that WIP1 is generally
downregulated during mitosis®*, why oocytes express WIP1 and
suppress ATM activity during prophase arrest is unclear. One
speculation is that ATM suppression may be beneficial for
facilitating programmed DSBs for homologous recombination
(HR) during early prophase in oocytes. In addition, there is
evidence of a noncanonical G2/M DNA damage checkpoint in
mouse oocytes®. This alternative pathway is activated through
increased anaphase-promoting complex/cyclosome (APC/C) activ-
ity, which in turn promotes the proteolysis of cyclin B1. This effect

SPRINGER NATURE

321



J. Leem et al.

322

is attributed to enhanced protein phosphatase cell division cycle
14B (CDC14B) activity and reduced activity of the APC/C inhibitor
early mitotic inhibitor 1 (EMI1)>®. However, it should be noted that
the APC/C-mediated G2/M checkpoint does not occur rapidly in
response to DNA damage. In line with this, it has been reported
that MDC1 plays a crucial role in regulating the APC/C-Cdh1-
mediated G2/M checkpoint in mouse oocytes®®. MDC1 directly
interacts with APC/C-Cdh1 to exert this control. Notably, this novel
interaction between MDC1 and APC/C-Cdh1 is disrupted by DNA
damage and increases APC/C-Cdh1 activity, which in turn delays
meiotic resumption®. In addition to the above mechanisms, the
G2/prophase DNA damage checkpoint in oocytes becomes more
robust when the oocyte is surrounded by a layer of cumulus cells.
Studies have indicated that DNA damage promotes cAMP
production in cumulus cells, which can be transferred to oocytes
through the gap junctions connecting oocytes and cumulus
cells®”. This communication may contribute to the strengthening
of the G2/M checkpoint in oocytes. Collectively, these findings
indicate that mammalian oocytes do not immediately respond to
DNA damage via a robust checkpoint but instead mount a weak
and less efficient G2/M DNA damage checkpoint, which involves
APC/C-Cdh1-mediated proteolysis.

DNA damage-induced spindle assembly checkpoint (SAC)
The lack of a robust G2/M checkpoint indicates that fully grown
oocytes with DNA damage can progress beyond GVBD and
undergo meiotic maturation if the damage is not severe. However,
oocytes exposed to DNA-damaging reagents do not reach the MIl
stage and instead remain arrested at the MI stage®¥*%%,
Interestingly, this MI arrest is not dependent on the canonical
ATM/ATR pathways but is caused by the activation of the spindle
assembly checkpoint (SAC)**~°,

SAC activity coordinates chromosome segregation by ensuring
proper K-MT attachment®®®’, When abnormal K-MT attachments
are detected, the SAC is activated, resulting in a cascade of events
that ultimately lead to the inhibition of anaphase onset.
Unattached kinetochores bind the SAC proteins mitotic arrest
deficiency 1 and 2 (MAD1 and MAD2) to form a platform allowing
further recruitment of MAD?2. Activated MAD?2 is then released into
the cytoplasm, creating a reversible ‘wait-anaphase’ signal by
isolating CDC20, resulting in the inhibition of the APC/C5%7%*, This,
in turn, stabilizes substrates of the APC/C, including Aurora
kinases, Polo-like kinase-1 (PLK1), cyclin B1, and Securin, thereby
maintaining CDK1 activity, inhibiting Separase, and preventing the
onset of anaphase®%>®, However, DNA damage-induced SAC
activity seems to differ from canonical SAC activity, which is
typically triggered by unattached kinetochores (Fig. 2b). Indeed,
there is no obvious loss of K-MT attachments or tension across
bivalents in oocytes exposed to etoposide®. Moreover, if the level
of DNA damage is considerably low, oocytes can still extrude from
the polar body, albeit with a delay in the first polar body extrusion,
possibly resulting in aneuploidy®®. Furthermore, recent studies
have reported that exogenous DNA damage induction does not
activate the SAC in human oocytes; thus, this damage occurs
throughout meiotic maturation, causing chromosome damage
and aberrant spindles in mature MIl oocytessz. Indeed, it was
reported that anaphase onset was dependent on the loss of CDK1
activity rather than nonaligned bivalents®>. Thus, it is likely that a
few abnormal K-MT attachments did not induce robust SAC
activation in mammalian oocytes. A threshold number of
abnormal K-MT attachments may be required before the SAC
can be successfully activated, and cohesin is crucial for SAC
activity in Ml oocytes in that cohesin deterioration compromises
the SAC®.

Compromised SAC efficiency has been reported in aging
oocytes®®. Therefore, DNA damage may impose severe chromo-
somal anomalies in females of advanced reproductive age, which
is detrimental to embryonic development. However, no significant
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recruitment of SAC components occurs on MIl kinetochores after
DNA damage®®. Thus, DNA damage does not induce SAC
activation at the Ml stage, although oocytes can normally activate
the SAC in response to MIl spindle disruption or chromosome
misalignment. As mentioned, oocytes are especially prone to DNA
damage accumulation over time. Thus, it is important that oocytes
detect and delay meiotic maturation to provide sufficient time for
DNA damage to be repaired. In this regard, the SAC is of particular
importance because it is the final major checkpoint ensuring
oocyte quality and genome integrity before oocytes are ready for
fertilization.

DNA REPAIR DURING MEIOTIC MATURATION

Despite being integral to cellular survival, DNA repair occurs
primarily in interphase and is repressed during mitosis®®"".
Nevertheless, emerging evidence suggests that oocytes have the
capacity to repair DSBs during meiosis. Here, we discuss the
mechanisms of DNA repair, particularly those related to DSBs, in
oocytes during meiotic maturation.

Recruitment of BRCA1 and 53BP1 at DSB sites during meiosis
In response to DNA damage, the initial events, including H2AX
phosphorylation and MDC1 recruitment, seem to be intact, but
downstream repair factors, such as RNF8, BRCA1, and 53BP1, are
not successfully recruited to DSB sites during mitosis®®’%73, This
failure is attributed to mitosis-specific phosphorylation of RNF8
and 53BP1. Specifically, 53BP1 is phosphorylated at T1609 and
T1618 by CDK1 and PLK1, which hinders its binding to y-
H2AX”*7>. Furthermore, RNF8 is phosphorylated at T198 by
CDK1, which prevents its interaction with MDC1 and thereby
impairs its recruitment to DSB sites’®. Instead, MDC1 recruits
TOPBP1 to mitotic DSB sites and tethers broken chromosome
ends by forming a filamentous structure that links MDC1 foci”>.
This intricate mechanism allows mitotic cells to efficiently mark
DSB sites for repair during the subsequent G1 phase. In stark
contrast, recent reports have demonstrated that oocytes can
recruit BRCA1 and 53BP1 and repair DSBs via both the HR and
NHEJ repair pathways during meiosis’’’°. Although the
mechanisms facilitating the recruitment of BRCA1 and 53BP1
to DSBs in oocytes are not fully understood, it can be speculated
that mitosis-specific phosphorylation of RNF8 and 53BP1 could
be temporarily and/or spatially dampened after DNA damage in
oocytes during meiosis. Indeed, PLK1 was found to be
inactivated at the spindle pole in oocytes after the induction
of DSBs”’.

Distinct roles of HR and NHEJ during meiotic maturation

DSBs are repaired primarily through two major mechanisms:
nonhomologous end joining (NHEJ) and homologous recombina-
tion (HR)®°™3, NHEJ begins with the recognition of DSB ends by a
heterodimer consisting of Ku70 and Ku80, which subsequently
recruits the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs)®*8>. DNA-PK subsequently activates and phosphorylates
itself as well as other end-processing enzymes, such as
Artemis®*®. The DNA ligase IV complex, including X-ray repair
cross complementing 4 (XRCC4) and XLF, then performs the
critical ligation step for either strand of DSB®*%°, In contrast, the
HR pathway is initiated when the CtBP-interacting protein (CtIP)
interacts with the MRN complex, forming short single-stranded
DNA (ssDNA) at the DSB ends®®®”. After generating an ssDNA
overhang, the replication protein A (RPA) complex and down-
stream components are recruited for 3’-ssDNA extension, and the
termination of end resection is facilitated by RAD51-RPA switch-
ing®®. The resected 3/-RAD51-ssDNA presynaptic filament then
invades homologous double-stranded DNA (dsDNA), generating a
displaced strand (D-loop) intermediate®®®”. The displacement of
RAD51 exposes the 3’ end of the intermediate for DNA extension

Experimental & Molecular Medicine (2024) 56:319 -328
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Fig. 3 Distinct roles of NHEJ and HR during meiotic maturation. Both the HR and NHEJ repair pathways function separately yet together
during meiotic maturation. The details of each pathway are illustrated and highlighted in the boxed areas. When NHEJ is inhibited during
meiotic maturation, oocytes with DNA damage exhibit increased DNA damage levels and arrest at the MI stage via SAC activation. On the
other hand, HR suppression decreases the integrity of the centromere, causing centromere disruption and SAC inactivation. This further
damages chromosome structure and causes chromosome fragmentation during chromosome segregation.

by DNA polymerase, and the invading strand is displaced and
resolved with complementary templates®” (Fig. 3).

As NHEJ does not require a homologous template for repair, it
is generally considered error prone and dominant throughout
interphase®®. However, it was also reported that “clean” DSBs
with complementary overhangs can be accurately repaired by
the classic NHEJ pathway, showing nearly equal efficiencies in
the presence of a homologous template®*®°, In oocytes, NHEJ
was found to be the preferential repair pathway during Mll, as
the inhibition of NHEJ-related elements was associated with
increased DNA damage signals and decreased developmental
competence’®”°. Moreover, oocytes exposed to etoposide at the
prophase stage undergo an increase in SAC-mediated MI arrest
upon NHEJ inhibition, along with partially impaired K-MT
attachment’® (Fig. 3). This finding was in contrast with reports
showing that damage-induced SAC arrest is independent of
aberrant K-MT attachments®*, suggesting that NHEJ plays a role
in maintaining the DNA damage repair capacity of oocytes,
subsequently determining meiotic maturation completion. On
the other hand, the HR pathway requires a homologous strand as
a template to efficiently repair DSBs and is generally considered
to be error free and preferable in the S and G2 phases®*%®,
Considering the difference in the mechanisms involved between
the HR and NHEJ pathways, it can be speculated that each
pathway plays a differential role in the DDR throughout cell cycle
progression. Indeed, there is evidence showing that each repair
pathway plays distinct roles in repairing DSBs during meiotic
maturation’®. In contrast to NHEJ, when HR is inhibited, the
oocyte cell cycle is not affected, despite significant chromosome
fragmentation possibly resulting from compromised centromere
integrity, suggesting crosstalk between the highly repetitive
sequences in the centromere and the HR machinery”® (Fig. 3). HR
has been shown to play a role in centromere protection in
somatic cells when DSBs at centromeres in G1 are repaired by
the HR machinery; thus, HR inhibition results in centromeric
instability and chromosomal translocation®.

Experimental & Molecular Medicine (2024) 56:319 - 328

The DSB repair pathway appears to switch from HR to NHEJ as
oocytes mature from GV to MIl. Although the crosstalk mechanism
between HR and NHEJ and their transition are unclear, the
accessibility of the components of each pathway at different cell
stages may determine the preferred DNA damage repair
mechanism during oocyte maturation®®®'. The initiation of end
resection generally guides the cell to the HR pathway, as Ku has
limited binding affinity for long ssDNA overhangs®’. HR was also
reported to be more efficient in the absence of NHEJ components,
suggesting a compensatory role for HR when the other repair
pathway is unavailable®. In addition to these widely studied
pathways, a third repair pathway, microhomology-mediated end
joining (MMEJ), has received increasing interest in DNA damage
repair. In MMEJ, short homologous sequences (microhomologies)
generated by DNA end resection are annealed to align DSB ends
before ligation, thus possibly resulting in deletions flanking the
break®*. However, further research is needed to fully understand
the roles and interactions between these DSB repair pathways in
safeguarding the genome integrity of oocytes.

Role of spindle microtubules in DNA repair during oocyte
meiosis

Chromatin undergoes constant movement and plastic reorganiza-
tion within the nucleus®. Intriguingly, this dynamic movement of
chromatin becomes more pronounced in response to DNA
damage®®. Indeed, dynamic reorganization of chromatin has been
observed at DSBs”®. This enhanced mobility is thought to
facilitate the search for donor sequences needed by HR or to
enable efficient access to repair factors, thereby promoting
effective DNA repair®® %, The cytoskeleton plays a critical role in
driving chromatin movement at damaged sites. The coordination
of chromatin and the cytoskeleton contributes to the proper
positioning of damaged DNA and the efficient repair of damaged
DNA®?'% Recent studies in yeast and mammalian cells have
demonstrated that cytoplasmic actin and microtubules trigger
widespread changes in chromatin structure in response to DNA
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damage?”'°"192 " Furthermore, y-tubulin has been shown to

interact with RAD51 and form a nuclear complex with BRCA1
following DNA damage, implying that there is a mutual interaction
between DNA repair and microtubule networks'®. Therefore,
interplay between chromosomes and the cytoskeleton is impli-
cated in maintaining genomic stability against DNA damage.
However, this interplay appears to be restricted to interphase, and
whether it is effective during mitosis has not been determined.
A recent study revealed novel dynamics in spindle micro-
tubules in response to DNA damage during meiosis in mouse
oocytes’’. After DNA damage, the spindle microtubules rapidly
shrink and are stabilized. This process involves the inactivation
of PLK1 at the spindle poles, leading to the dephosphorylation
of the cancerous inhibitor of protein phosphatase 2 A (CIP2A) at
S904. Dephosphorylated CIP2A, along with p-MDC1 and
p-TOPBP1, moves along spindle microtubules and is recruited
to chromosomes through kinetochores and centromeres. This
chromosomal relocation ensures the recruitment of down-
stream repair factors such as BRCA1 and 53BP1 for DNA repair
during oocyte meiosis (Fig. 4). Although the biological
significance of spindle shrinkage and stabilization has not been
determined, many proteins involved in DDR pathways, including
the CIP2A-MDC1-TOPBP1 complex, are associated with spindle
microtubules or are localized at spindle poles®®’”'°* This
association might facilitate DNA repair by bringing DDR factors
closer to chromosomes during oocyte meiosis. Surprisingly, a
study revealed that neither ATM, PLK1, nor K-MT attachment
was the driving force behind spindle changes in response to
DNA damage in oocytes’”. Given the intimate interaction
between actin filaments and microtubules during spindle
assembly in oocytes'®”, it is reasonable to postulate that actin
filaments are involved in the process governing DSB-induced
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spindle changes. Indeed, concomitant actin filament assembly
has been reported after DNA damage in somatic cells'®.
However, further studies on the mechanism of chromosome
cross-talk with spindle poles in response to DNA damage in

oocytes are needed.

DNA DAMAGE AND OOCYTE QUALITY
DNA damage in oocytes can result in meiotic errors, such as
chromosomal nondisjunction or improper recombination, leading
to aneuploidy, which is characterized by an abnormal number of
chromosomes in the resulting embryo'®’. Aneuploid embryos
have reduced implantation potential and are associated with a
higher risk of miscarriage or the birth of a child with genetic
abnormalities, including Down syndrome'®~""°, Moreover, DNA
damage induces epigenetic changes in oocytes, and these
changes affect the regulation of gene expression in the resulting
embryos. Aberrant epigenetic patterns resulting from DNA
damage in oocytes can lead to developmental abnormalities
and increased susceptibility to diseases later in life'®!1"113,
Furthermore, cancer therapies, such as chemotherapy and
radiation, can induce DNA damage not only in cancer cells but
also in healthy cells, including oocytes. The impact of cancer
treatments on oocyte quality and fertility depends on factors such
as the type, dose, and duration of therapy. The DNA damage
incurred by oocytes during cancer treatment can result in
temporary or permanent loss of fertility, premature ovarian
insufficiency, and an increased risk of genetic abnormalities in
offspring conceived posttreatment®>''4'1>,

Mitochondria play an essential role in providing the energy and
building blocks necessary for transcription and translation during
oocyte maturation and fertilization and early embryo
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development. Moreover, mitochondria coordinate numerous
cellular processes, including apoptosis and reactive oxygen
species (ROS) homeostasis''®'"”. Mitochondrial dysfunction has
been found to be closely associated with compromised oocyte
quality, reduced embryo viability, and an increased risk of
infertility’">'"3. Given that mitochondria contain their own DNA,
it is notable that DNA damage impairs mitochondrial function and
thereby decreases oocyte quality. Notably, both the number and
activity of mitochondria decrease with advancing age''®. Thus,
mitochondrial supplementation and replacement, aimed at
enhancing, reversing, or slowing oocyte aging, have recently
emerged as therapeutic strategies' 8%,

Oxidative stress is one of the main causes of DNA damage and
contributes to oocyte aging and decreased oocyte quality'26~"2%,
This challenge becomes more pronounced during assisted
reproductive technology (ART) procedures, such as in vitro
fertilization and intracytoplasmic sperm injection, where reactive
oxygen species (ROS) production is unavoidable during in vitro
culture’®®'3'. Therefore, numerous studies have focused on
protecting oocytes from ROS to preserve oocyte quality and
enhance fertility. The most common approach is the use of
antioxidants to mitigate DNA damage. Antioxidants, such as
glutathione (GSH), melatonin, vitamin E, resveratrol, and coen-
zyme Q10 (CoQ10), have been shown to have protective effects
against DNA damage in oocytes by scavenging ROS and
maintaining redox balance'**""8, The incorporation of antioxidant
supplementation strategies holds great potential for improving
oocyte quality, enhancing reproductive success, and reducing the
risk of genetic abnormalities in offspring. The regulation of WIP1 is
crucial for the DDR and repair in mammalian oocytes. Recent
studies have revealed that the decline in DNA repair capacity in
aged oocytes is caused by an increase in WIP1 levels during aging,
and WIP1 inhibition could reverse the decrease in DNA repair
capacity in aged oocytes, which would improve oocyte quality and
developmental competence'*®. Moreover, WIP1 inhibition could
reduce sperm-derived DNA damage in fertilized oocytes by
enhancing DNA repair capacity'*®. Given the diminished DNA
repair capacity of mature sperm, it is plausible that sperm DNA
damage is repaired in zygotes via maternal DNA repair
machinery'*"'*?, Considering the increasing occurrence of DNA
damage with aging and the growing use of ART procedures, this
research has interesting implications for clinical settings. The
therapeutic use of WIP1 inhibitors in ART could be considered, as
they could offer a new strategy not only for maternal DNA repair
during early mammalian development to ensure the genomic
integrity of embryos but also for improving maternal DNA repair
capacity in zygotes. Despite several ongoing clinical trials, the
clinical efficacy of WIP1 inhibitors has yet to be demonstrated.
Therefore, careful consideration should be given to ensure that
the therapeutic benefits of WIP1 inhibitors outweigh the risks for
patients with infertility, as prolonged periods of WIP1 inhibition
might lead to the failure of maturation during early embryo
development.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In conclusion, the DDR and DNA repair mechanisms in oocytes
are complex areas of study. While the specific mechanisms of
DNA damage detection and repair in oocytes are just beginning
to be identified, additional extensive studies are needed to fully
understand how the oocyte response and repair of DNA damage
occur. Most related research, particularly concerning molecular
pathways, has been conducted in mouse models, and the
insights presented in this review also primarily stem from mouse
studies. Therefore, our understanding of oocyte DNA repair in
humans is limited. Notably, recent studies have revealed
differences in the response to DNA damage between mouse
and human oocytes. While DNA damage activates the SAC in
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mouse oocytes, the same principle does not apply in human
oocytes®2, The reason for the distinct outcomes in mice and
humans is unclear. However, gaining a more detailed under-
standing of the pathway in mice may facilitate a better
understanding of the apparent species-specific differences in
the DDR of oocytes. Moreover, rapid advancements in high-
throughput technology, gene editing techniques, and experi-
mental methodologies hold great promise for enhancing the
understanding of DNA damage and repair mechanisms in
mammalian oocytes. As these technologies continue to evolve,
we anticipate significant progress in unraveling the mysteries of
oocyte biology. This ongoing research will not only enhance our
theoretical understanding but also pave the way for the
development of novel fertility preservation strategies. The
implications of such progress are substantial, as they will
contribute to safeguarding fertility and addressing the repro-
ductive challenges faced by many individuals. In essence, further
investigations in this field will undoubtedly play a vital role in
advancing the frontiers of reproductive medicine and preserving
fertility. By revealing the secrets of the oocyte DDR and DNA
repair, we can offer new hope to individuals seeking to preserve
their fertility and overcome obstacles to their path to parent-
hood. Ultimately, this research carries significance for both
individuals and society, as it can be used to shape the future of
reproductive health and family planning.

REFERENCES

1. Abuetabh, Y. et al. DNA damage response revisited: the p53 family and its
regulators provide endless cancer therapy opportunities. Exp. Mol. Med. 54,
1658-1669 (2022).

2. Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and
disease. Nature 461, 1071-1078 (2009).

3. Lavin, M. F. Ataxia-telangiectasia: from a rare disorder to a paradigm for cell
signalling and cancer. Nat. Rev. Mol. Cell Biol. 9, 759-769 (2008).

4. Smits, V. A. & Gillespie, D. A. DNA damage control: regulation and functions of
checkpoint kinase 1. FEBS J. 282, 3681-3692 (2015).

5. Ciccia, A. & Elledge, S. J. The DNA damage response: making it safe to play with
knives. Mol. Cell 40, 179-204 (2010).

6. Marechal, A. & Zou, L. DNA damage sensing by the ATM and ATR kinases. Cold
Spring Harb. Perspect Biol. 5 https://doi.org/10.1101/cshperspect.a012716 (2013).

7. Lee, J. H. & Paull, T. T. ATM activation by DNA double-strand breaks through the
Mre11-Rad50-Nbs1 complex. Science 308, 551-554 (2005).

8. Smith, J, Tho, L. M., Xu, N. & Gillespie, D. A. The ATM-Chk2 and ATR-Chk1
pathways in DNA damage signaling and cancer. Adv. Cancer Res. 108, 73-112
(2010).

9. Bakkenist, C. J. & Kastan, M. B. DNA damage activates ATM through inter-
molecular autophosphorylation and dimer dissociation. Nature 421, 499-506
(2003).

10. Blackford, A. N. & Jackson, S. P. ATM, ATR, and DNA-PK: the trinity at the heart of
the DNA damage response. Mol. Cell 66, 801-817 (2017).

11. Bartek, J. & Lukas, J. Chk1 and Chk2 kinases in checkpoint control and cancer.
Cancer Cell 3, 421-429 (2003).

12. Gatei, M. et al. Ataxia-telangiectasia-mutated (ATM) and NBS1-dependent
phosphorylation of Chk1 on Ser-317 in response to ionizing radiation. J. Biol.
Chem. 278, 14806-14811 (2003).

13. Groth, A. et al. Human Tousled like kinases are targeted by an ATM- and Chk1-
dependent DNA damage checkpoint. EMBO J. 22, 1676-1687 (2003).

14. Bucher, N. & Britten, C. D. G2 checkpoint abrogation and checkpoint kinase-1
targeting in the treatment of cancer. Br. J. Cancer 98, 523-528 (2008).

15. Pelosi, E., Simonsick, E., Forabosco, A. Garcia-Ortiz, J. E. & Schlessinger, D.
Dynamics of the ovarian reserve and impact of genetic and epidemiological
factors on age of menopause. Biol. Reprod. 92, 130 (2015).

16. Collins, J. K. & Jones, K. T. DNA damage responses in mammalian oocytes.
Reproduction 152, R15-R22 (2016).

17. Tease, C. X-ray-induced chromosome aberrations in dictyate oocytes of young
and old female mice. Mutat. Res. 119, 191-194 (1983).

18. Jacquet, P, Adriaens, ., Buset, J., Neefs, M. & Vankerkom, J. Cytogenetic studies
in mouse oocytes irradiated in vitro at different stages of maturation, by use of
an early preantral follicle culture system. Mutat. Res. 583, 168-177 (2005).

19. Sanchez, F. & Smitz, J. Molecular control of oogenesis. Biochim. Biophys. Acta
1822, 1896-1912 (2012).

SPRINGER NATURE

325


https://doi.org/10.1101/cshperspect.a012716

J. Leem et al.

326

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Pepling, M. E. From primordial germ cell to primordial follicle: mammalian
female germ cell development. Genesis 44, 622-632 (2006).

Mayo, K., Jameson, L. & Woodruff, T. K. Eggs in the nest. Endocrinology 148,
3577-3579 (2007).

Zhang, H. & Liu, K. Cellular and molecular regulation of the activation of
mammalian primordial follicles: somatic cells initiate follicle activation in
adulthood. Hum. Reprod. Update 21, 779-786 (2015).

Pan, B. & Li, J. The art of oocyte meiotic arrest regulation. Reprod. Biol. Endocrinol.
17, 8 (2019).

Ohkura, H. Meiosis: an overview of key differences from mitosis. Cold Spring
Harb Perspect Biol 7 https://doi.org/10.1101/cshperspect.a015859 (2015).

Patel, J, Tan, S. L, Hartshorne, G. M. & McAinsh, A. D. Unique geometry of sister
kinetochores in human oocytes during meiosis | may explain maternal age-
associated increases in chromosomal abnormalities. Biol. Open 5, 178-184
(2015).

Schatten, G. et al. Kinetochore appearance during meiosis, fertilization and
mitosis in mouse oocytes and zygotes. Chromosoma 96, 341-352 (1988).
Azoury, J. et al. Spindle positioning in mouse oocytes relies on a dynamic
meshwork of actin filaments. Curr. Biol. 18, 1514-1519 (2008).

Bolcun-Filas, E. & Handel, M. A. Meiosis: the chromosomal foundation of
reproduction. Biol. Reprod. 99, 112-126 (2018).

Li, R. & Albertini, D. F. The road to maturation: somatic cell interaction and self-
organization of the mammalian oocyte. Nat. Rev. Mol. cell Biol. 14, 141-152
(2013).

Kerr, J. B. et al. DNA damage-induced primordial follicle oocyte apoptosis and
loss of fertility require TAp63-mediated induction of Puma and Noxa. Mol. Cell
48, 343-352 (2012).

Suh, E. K. et al. p63 protects the female germ line during meiotic arrest. Nature
444, 624-628 (2006).

Stringer, J. M., Winship, A, Zerafa, N, Wakefield, M. & Hutt, K. Oocytes can
efficiently repair DNA double-strand breaks to restore genetic integrity and
protect offspring health. Proc. Nat! Acad. Sci. USA 117, 11513-11522 (2020).
Kerr, J. B. et al. Cisplatin-induced primordial follicle oocyte killing and loss of
fertility are not prevented by imatinib. Nat. Med. 18, 1170-1172 (2012).

Lane, D. P. et al. On the regulation of the p53 tumour suppressor, and its role in
the cellular response to DNA damage. Philos. Trans. R. Soc. Lond. Ser. B: Biol. Sci.
347, 83-87 (1995).

Gottlieb, T. M. & Oren, M. p53 and apoptosis. Semin. Cancer Biol. 8, 359-368
(1998).

Bolcun-Filas, E., Rinaldi, V. D., White, M. E. & Schimenti, J. C. Reversal of female
infertility by Chk2 ablation reveals the oocyte DNA damage checkpoint path-
way. Science 343, 533-536 (2014).

Yu, H. et al. Deletion of Puma protects hematopoietic stem cells and confers
long-term survival in response to high-dose gamma-irradiation. Blood 115,
3472-3480 (2010).

Allan, L. A. & Clarke, P. R. Apoptosis and autophagy: regulation of caspase-9 by
phosphorylation. FEBS J. 276, 6063-6073 (2009).

Luan, Y. Yu, S. Y., Abazarikia, A., Dong, R. & Kim, S. Y. TAp63 determines the fate
of oocytes against DNA damage. Sci. Adv. 8, eade1846 (2022).

Stringer, J. M., Winship, A, Liew, S. H. & Hutt, K. The capacity of oocytes for DNA
repair. Cell. Mol. Life Sci. 75, 2777-2792 (2018).

Cheng, L., Collyer, T. & Hardy, C. F. Cell cycle regulation of DNA replication
initiator factor Dbf4p. Mol. Cell. Biol. 19, 4270-4278 (1999).

Grafi, G. Cell cycle regulation of DNA replication: the endoreduplication per-
spective. Exp. Cell Res. 244, 372-378 (1998).

Harper, J. V. & Brooks, G. The mammalian cell cycle: an overview. Methods Mol.
Biol. 296, 113-153 (2005).

Campos, A. & Clemente-Blanco, A. Cell cycle and DNA repair regulation in the
damage response: protein phosphatases take over the reins. Int. J. Mol. Sci. 21
https://doi.org/10.3390/ijms21020446 (2020).

Houtgraaf, J. H., Versmissen, J. & van der Giessen, W. J. A concise review of DNA
damage checkpoints and repair in mammalian cells. Cardiovasc. Revasc. Med. 7,
165-172 (2006).

Solc, P., Schultz, R. M. & Motlik, J. Prophase | arrest and progression to meta-
phase | in mouse oocytes: comparison of resumption of meiosis and recovery
from G2-arrest in somatic cells. Mol. Hum. Reprod. 16, 654-664 (2010).

Mayer, A. et al. DNA damage response during mouse oocyte maturation. Cell
Cycle 15, 546-558 (2016).

Carroll, J. & Marangos, P. The DNA damage response in mammalian oocytes.
Front Genet. 4, 117 (2013).

Marangos, P. et al. DNA damage-induced metaphase | arrest is mediated by
the spindle assembly checkpoint and maternal age. Nat. Commun. 6, 8706
(2015).

Marangos, P. & Carroll, J. Oocytes progress beyond prophase in the presence of
DNA damage. Curr. Biol. 22, 989-994 (2012).

SPRINGER NATURE

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Wang, H. et al. DNA double-strand breaks disrupted the spindle assembly in
porcine oocytes. Mol. Reprod. Dev. 83, 132-143 (2016).

Remillard-Labrosse, G. et al. Human oocytes harboring damaged DNA can
complete meiosis I. Fertil. Steril. 113, 1080-1089 e1082 (2020).

Leem, J,, Kim, J. S. & Oh, J. S. WIP1 phosphatase suppresses the DNA damage
response during G2/prophase arrest in mouse oocytes. Biol. Reprod. 99, 798-805
(2018).

Macurek, L. et al. Downregulation of Wip1 phosphatase modulates the cellular
threshold of DNA damage signaling in mitosis. Cell Cycle 12, 251-262 (2013).
Subramanian, G. N. et al. Oocytes mount a noncanonical DNA damage response
involving APC-Cdh1-mediated proteolysis. J. Cell Biol. 219 https://doi.org/
10.1083/jcb.201907213 (2020).

Leem, J. & Oh, J. S. MDC1 is essential for G2/M transition and spindle assembly in
mouse oocytes. Cell Mol. Life Sci. 79, 200 (2022).

Sun, M. H. et al. Cumulus cells block oocyte meiotic resumption via gap junc-
tions in cumulus oocyte complexes subjected to DNA double-strand breaks.
PLoS ONE 10, e0143223 (2015).

Yuen, W. S., Merriman, J. A, O'Bryan, M. K. & Jones, K. T. DNA double strand
breaks but not interstrand crosslinks prevent progress through meiosis in fully
grown mouse oocytes. PLoS ONE 7, 43875 (2012).

Collins, J. K, Lane, S. I, Merriman, J. A. & Jones, K. T. DNA damage induces a
meiotic arrest in mouse oocytes mediated by the spindle assembly checkpoint.
Nat. Commun. 6, 8553 (2015).

Yu, R. B. H. The spindle checkpoint, aneuploidy, and cancer. Oncogene 23,
2016-2027 (2004).

Jallepalli, P. V. & Lengauer, C. Chromosome segregation and cancer: cutting
through the mystery. Nat. Rev. Cancer 1, 109-117 (2001).

Lara-Gonzalez, P., Pines, J. & Desai, A. Spindle assembly checkpoint activation
and silencing at kinetochores. Semin. Cell Dev. Biol. 117, 86-98 (2021).

Lane, S. I, Yun, Y. & Jones, K. T. Timing of anaphase-promoting complex acti-
vation in mouse oocytes is predicted by microtubule-kinetochore attachment
but not by bivalent alignment or tension. Development 139, 1947-1955 (2012).
Lane, S. I. R. et al. DNA damage induces a kinetochore-based ATM/ATR-inde-
pendent SAC arrest unique to the first meiotic division in mouse oocytes.
Development 144, 3475-3486 (2017).

Peters, J.-M. The anaphase promoting complex/cyclosome: a machine designed
to destroy. Nat. Rev. Mol. Cell Biol. 7, 644-656 (2006).

Blengini, C. S., Ik Jung, G., Aboelenain, M. & Schindler, K. A field guide to Aurora
kinase inhibitors: an oocyte perspective. Reproduction 164, V5-V7 (2022).
Tachibana-Konwalski, K. et al. Spindle assembly checkpoint of oocytes depends
on a kinetochore structure determined by cohesin in meiosis |. Curr. Biol. 23,
2534-2539 (2013).

Blengini, C. S, Nguyen, A. L, Aboelenain, M. & Schindler, K. Age-dependent
integrity of the meiotic spindle assembly checkpoint in females requires Aurora
kinase B. Aging Cell 20, 13489 (2021).

Giunta, S., Belotserkovskaya, R. & Jackson, S. P. DNA damage signaling in
response to double-strand breaks during mitosis. J. Cell Biol. 190, 197-207 (2010).
Rieder, C. L. & Cole, R. W. Entry into mitosis in vertebrate somatic cells is guarded
by a chromosome damage checkpoint that reverses the cell cycle when trig-
gered during early but not late prophase. J. Cell Biol. 142, 1013-1022 (1998).
Bakhoum, S. F., Kabeche, L., Compton, D. A., Powell, S. N. & Bastians, H. Mitotic
DNA damage response: at the crossroads of structural and numerical cancer
chromosome instabilities. Trends Cancer 3, 225-234 (2017).

Nelson, G., Buhmann, M. & von Zglinicki, T. DNA damage foci in mitosis are
devoid of 53BP1. Cell Cycle 8, 3379-3383 (2009).

Leimbacher, P. A. et al. MDC1 interacts with TOPBP1 to maintain chromosomal
stability during mitosis. Mol. Cell 74, 571-583 €578 (2019).

van Vugt, M. A. et al. A mitotic phosphorylation feedback network connects
Cdk1, PIk1, 53BP1, and Chk2 to inactivate the G(2)/M DNA damage checkpoint.
PLoS Biol. 8, 1000287 (2010).

Benada, J., Burdova, K, Lidak, T., von Morgen, P. & Macurek, L. Polo-like kinase 1
inhibits DNA damage response during mitosis. Cell Cycle 14, 219-231 (2015).
Orthwein, A. et al. Mitosis inhibits DNA double-strand break repair to guard
against telomere fusions. Science 344, 189-193 (2014).

Leem, J., Kim, J. S. & Oh, J. S. Oocytes can repair DNA damage during meiosis via
a microtubule-dependent recruitment of CIP2A-MDC1-TOPBP1 complex from
spindle pole to chromosomes. Nucleic Acids Res. 51, 4899-4913 (2023).

Lee, C, Leem, J. & Oh, J. S. Selective utilization of non-homologous end-joining
and homologous recombination for DNA repair during meiotic maturation in
mouse oocytes. Cell Prolif. 56, 13384 (2023).

Martin, J. H., Bromfield, E. G., Aitken, R. J,, Lord, T. & Nixon, B. Double strand
break DNA repair occurs via non-homologous end-joining in mouse MIl oocytes.
Sci. Rep. 8, 9685 (2018).

Hefferin, M. L. & Tomkinson, A. E. Mechanism of DNA double-strand break repair
by non-homologous end joining. DNA Repair (Amst.) 4, 639-648 (2005).

Experimental & Molecular Medicine (2024) 56:319 -328


https://doi.org/10.1101/cshperspect.a015859
https://doi.org/10.3390/ijms21020446
https://doi.org/10.1083/jcb.201907213
https://doi.org/10.1083/jcb.201907213

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1M1,

Taleei, R., Girard, P. M., Sankaranarayanan, K. & Nikjoo, H. The non-homologous
end-joining (NHEJ) mathematical model for the repair of double-strand breaks:
II. Application to damage induced by ultrasoft X rays and low-energy electrons.
Radiat. Res 179, 540-548 (2013).

Jasin, M. & Rothstein, R. Repair of strand breaks by homologous recombination.
Cold Spring Harb. Perspect. Biol. 5, a012740 (2013).

Xu, Y. & Xu, D. Repair pathway choice for double-strand breaks. Essays Biochem
64, 765-777 (2020).

Shrivastav, M., De Haro, L. P. & Nickoloff, J. A. Regulation of DNA double-strand
break repair pathway choice. Cell Res. 18, 134-147 (2007).

Burma, S., Chen, B. P. & Chen, D. J. Role of non-homologous end joining (NHEJ)
in maintaining genomic integrity. DNA Repair 5, 1042-1048 (2006).

Li, X. & Heyer, W. D. Homologous recombination in DNA repair and DNA
damage tolerance. Cell Res. 18, 99-113 (2008).

Mazén G., Mimitou E. P., Symington L. S. SnapShot: Homologous recombination
in DNA double-strand break repair. Cell 142 https://doi.org/10.1016/
j.cell.2010.08.006 (2010).

Zhao, F., Kim, W., Kloeber, J. A. & Lou, Z. DNA end resection and its role in DNA
replication and DSB repair choice in mammalian cells. Exp. Mol. Med. 52,
1705-1714 (2020).

Lin, Y., Lukacsovich, T. & Waldman, A. S. Multiple pathways for repair of DNA
double-strand breaks in mammalian chromosomes. Mol. Cell. Biol. 19,
8353-8360 (1999).

Yilmaz, D. et al. Activation of homologous recombination in G1 preserves
centromeric integrity. Nature 600, 748-753 (2021).

Symington, L. S. & Gautier, J. Double-strand break end resection and repair
pathway choice. Annu. Rev. Genet. 45, 247-271 (2011).

William, S. & Dynan, S. Y. Interaction of Ku protein and DNA-dependent protein
kinase catalytic subunit with nucleic acids. Nucleic Acids Res. 26, 1551-1559 (1998).
Pierce, A. J,, Hu, P, Han, M,, Ellis, N. & Jasin, M. Ku DNA end-binding protein
modulates homologous repair of double-strand breaks in mammalian cells.
Genes Dev. 15, 3237-3242 (2001).

McVey, M. & Lee, S. E. MMEJ repair of double-strand breaks (director's cut):
deleted sequences and alternative endings. Trends Genet. 24, 529-538 (2008).
Dion, V. & Gasser, S. M. Chromatin movement in the maintenance of genome
stability. Cell 152, 1355-1364 (2013).

Hauer, M. H. & Gasser, S. M. Chromatin and nucleosome dynamics in DNA
damage and repair. Genes Dev. 31, 2204-2221 (2017).

Dion, V., Kalck, V., Horigome, C., Towbin, B. D. & Gasser, S. M. Increased mobility
of double-strand breaks requires Mec1, Rad9 and the homologous recombi-
nation machinery. Nat. Cell Biol. 14, 502-509 (2012).

Mine-Hattab, J. & Rothstein, R. Increased chromosome mobility facilitates
homology search during recombination. Nat. Cell Biol. 14, 510-517 (2012).
Foley, E. A. & Kapoor, T. M. Microtubule attachment and spindle assembly check-
point signalling at the kinetochore. Nat. Rev. Mol. Cell Biol. 14, 25-37 (2013).
Matkovic, J. et al. Kinetochore- and chromosome-driven transition of micro-
tubules into bundles promotes spindle assembly. Nat. Commun. 13, 7307 (2022).
Shokrollahi, M. & Mekhail, K. Interphase microtubules in nuclear organization
and genome maintenance. Trends Cell Biol. 31, 721-731 (2021).

Galletta, B. J., Mooren, O. L. & Cooper, J. A. Actin dynamics and endocytosis in
yeast and mammals. Curr. Opin. Biotechnol. 21, 604-610 (2010).

Lesca, C. et al. DNA damage induce gamma-tubulin-RAD51 nuclear complexes
in mammalian cells. Oncogene 24, 5165-5172 (2005).

Petsalaki, E. & Zachos, G. DNA damage response proteins regulating mitotic cell
division: double agents preserving genome stability. FEBS J. 287, 1700-1721 (2020).
Roeles, J. & Tsiavaliaris, G. Actin-microtubule interplay coordinates spindle
assembly in human oocytes. Nat. Commun. 10, 4651 (2019).

Belin, B. J.,, Lee, T. & Mullins, R. D. DNA damage induces nuclear actin filament
assembly by Formin -2 and Spire-(1/2) that promotes efficient DNA repair.
[corrected). Elife 4, e07735 (2015).

Wang, H. & Hoog, C. Structural damage to meiotic chromosomes impairs DNA
recombination and checkpoint control in mammalian oocytes. J. Cell Biol. 173,
485-495 (2006).

Greaney, J., Wei, Z. & Homer, H. Regulation of chromosome segregation in
oocytes and the cellular basis for female meiotic errors. Hum. Reprod. Update 24,
135-161 (2018).

Mikwar, M., MacFarlane, A. J. & Marchetti, F. Mechanisms of oocyte aneuploidy
associated with advanced maternal age. Mutat. Res Rev. Mutat. Res. 785, 108320
(2020).

Zielinska, A. P. et al. Meiotic kinetochores fragment into multiple lobes upon
cohesin loss in aging eggs. Curr. Biol. 29, 3749-3765 e3747 (2019).

de Sousa Lopes, S. & Roelen, B. A. An overview on the diversity of cellular
organelles during the germ cell cycle. Histol. Histopathol. 25, 267-276 (2010).

Experimental & Molecular Medicine (2024) 56:319 - 328

J. Leem et al.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

van der Reest, J,, Nardini Cecchino, G., Haigis, M. C. & Kordowitzki, P. Mito-
chondria: their relevance during oocyte ageing. Ageing Res Rev. 70, 101378
(2021).

Zhang, D., Keilty, D., Zhang, Z. F. & Chian, R. C. Mitochondria in oocyte aging:
current understanding. Facts Views Vis. Obgyn 9, 29-38 (2017).

Matthews, M. L. et al. Cancer, fertility preservation, and future pregnancy: a
comprehensive review. Obstet. Gynecol. Int. 2012, 953937 (2012).

Ojo, A. S., Lipscombe, C., Araoye, M. O. & Akinyemi, O. Global uptake of fertility
preservation by women undergoing cancer treatment: An unmet need in low to
high-income countries. Cancer Epidemiol. 79, 102189 (2022).

Balaban, R. S., Nemoto, S. & Finkel, T. Mitochondria, oxidants, and aging. Cell
120, 483-495 (2005).

Cenini, G,, Lloret, A. & Cascella, R. Oxidative stress and mitochondrial damage in
neurodegenerative diseases: from molecular mechanisms to targeted therapies.
Oxid. Med Cell Longev. 2020, 1270256 (2020).

Chappel, S. The role of mitochondria from mature oocyte to viable blastocyst.
Obstet. Gynecol. Int. 2013, 183024 (2013).

Ferreira, A. F. et al. Does supplementation with mitochondria improve oocyte
competence? A systematic review. Reproduction 161, 269-287 (2021).
Fogleman, S., Santana, C,, Bishop, C., Miller, A. & Capco, D. G. CRISPR/Cas9 and
mitochondrial gene replacement therapy: promising techniques and ethical
considerations. Am. J. Stem Cells 5, 39-52 (2016).

Khan, S. M. & Bennett, J. P. Jr Development of mitochondrial gene replacement
therapy. J. Bioenerg. Biomembr. 36, 387-393 (2004).

Labarta, E., de Los Santos, M. J., Escriba, M. J,, Pellicer, A. & Herraiz, S. Mito-
chondria as a tool for oocyte rejuvenation. Fertil. Steril. 111, 219-226 (2019).
Mok, B. Y. et al. A bacterial cytidine deaminase toxin enables CRISPR-free
mitochondrial base editing. Nature 583, 631-637 (2020).

St John, J. C. Transmission, inheritance and replication of mitochondrial DNA in
mammals: implications for reproductive processes and infertility. Cell Tissue Res.
349, 795-808 (2012).

Van Blerkom, J. Mitochondrial function in the human oocyte and embryo and
their role in developmental competence. Mitochondrion 11, 797-813 (2011).
Agarwal, A, Gupta, S. & Sharma, R. K. Role of oxidative stress in female repro-
duction. Reprod. Biol. Endocrinol. 3, 28 (2005).

Lord, T. & Aitken, R. J. Oxidative stress and ageing of the post-ovulatory oocyte.
Reproduction 146, R217-R227 (2013).

Ruder, E. H., Hartman, T. J., Blumberg, J. & Goldman, M. B. Oxidative stress and
antioxidants: exposure and impact on female fertility. Hum. Reprod. Update 14,
345-357 (2008).

Menezo, Y., Clement, P., Dale, B. & Elder, K. Modulating oxidative stress and
epigenetic homeostasis in preimplantation IVF embryos. Zygote 30, 149-158
(2022).

Ramos-lbeas, P. et al. Embryo responses to stress induced by assisted repro-
ductive technologies. Mol. Reprod. Dev. 86, 1292-1306 (2019).

Uppangala, S. et al. In vitro matured oocytes are more susceptible than in vivo
matured oocytes to mock ICSI induced functional and genetic changes. PLoS
One 10, e0119735 (2015).

Liu, N. et al. I-Proline improves the cytoplasmic maturation of mouse oocyte by
regulating glutathione-related redox homeostasis. Theriogenology 195, 159-167
(2023).

Lord, T., Nixon, B., Jones, K. T. & Aitken, R. J. Melatonin prevents postovulatory
oocyte aging in the mouse and extends the window for optimal fertilization
in vitro. Biol. Reprod. 88, 67 (2013).

Nikmard, F. et al. The boosting effects of melatonin on the expression of related
genes to oocyte maturation and antioxidant pathways: a polycystic ovary syn-
drome- mouse model. J. Ovarian Res. 15, 11 (2022).

Zhang, H. et al. Melatonin improves the quality of maternally aged oocytes by
maintaining intercellular communication and antioxidant metabolite supply.
Redox Biol. 49, 102215 (2022).

Asadi, E., Jahanshahi, M. & Golalipour, M. J. Effect of vitamin e on oocytes
apoptosis in nicotine-treated mice. Iran. J. Basic Med Sci. 15, 880-884 (2012).
Liu, M. J. et al. Resveratrol improves in vitro maturation of oocytes in aged mice
and humans. Fertil. Steril. 109, 900-907 (2018).

Romero, S. et al. Coenzyme Q10 improves the in vitro maturation of oocytes
exposed to the intrafollicular environment of patients on fertility treatment.
JBRA Assist Reprod. 24, 283-288 (2020).

Leem, J, Bai, G. Y., Kim, J. S. & Oh, J. S. Increased WIP1 expression with aging
suppresses the capacity of oocytes to respond to and repair DNA damage. Front
Cell Dev. Biol. 9, 810928 (2021).

Leem, J., Bai, G. Y. & Oh, J. S. The capacity to repair sperm DNA damage in
zygotes is enhanced by inhibiting WIP1 activity. Front Cell Dev. Biol. 10, 841327
(2022).

SPRINGER NATURE

327


https://doi.org/10.1016/j.cell.2010.08.006
https://doi.org/10.1016/j.cell.2010.08.006

J. Leem et al.

328

141. Fernandez-Diez, C,, Gonzalez-Rojo, S., Lombo, M. & Herraez, M. P. Impact of
sperm DNA damage and oocyte-repairing capacity on trout development.
Reproduction 152, 57-67 (2016).

142. Marchetti, F., Essers, J., Kanaar, R. & Wyrobek, A. J. Disruption of maternal DNA
repair increases sperm-derived chromosomal aberrations. Proc. Natl Acad. Sci.
USA 104, 17725-17729 (2007).

ACKNOWLEDGEMENTS

This work was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF), funded by the Ministry of Education
(NRF-2017R1A6A1A03015642 and NRF-2019R111A2A01041413).

AUTHOR CONTRIBUTIONS

J.S.0. conceptualized the review; J.L, CL, D.Y.C, and J.S.0. wrote the manuscript;
D.Y.C. prepared the figures, which were created with BioRender.com; and J.S.O.
edited, revised, and reviewed the manuscript. All the authors have read and
approved the final version of the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

SPRINGER NATURE

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Jeong Su Oh.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Experimental & Molecular Medicine (2024) 56:319 -328


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Distinct characteristics of the DNA damage response in mammalian oocytes
	Introduction
	Oocyte development and maturation
	Distinct features of the DNA damage response in oocytes
	Decreases in apoptosis during follicular development
	Lack of a robust G2/M DNA damage checkpoint
	DNA damage-induced spindle assembly checkpoint�(SAC)

	DNA repair during meiotic maturation
	Recruitment of BRCA1 and 53BP1 at DSB sites during meiosis
	Distinct roles of HR and NHEJ during meiotic maturation
	Role of spindle microtubules in DNA repair during oocyte meiosis

	DNA damage and oocyte quality
	Concluding remarks and future perspectives
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




