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Unlike mild DNA damage exposure, DNA damage repair (DDR) is reported
to be ineffective in full-grown mammalian oocytes exposed to moderate or
severe DNA damage. The underlying mechanisms of this weakened DDR
are unknown. Here, we show that moderate DNA damage in full-grown
oocytes leads to aneuploidy. Our data reveal that DNA-damaged oocytes
have an altered, closed, chromatin state, and suggest that the failure to
repair damaged DNA could be due to the inability of DDR proteins to
access damaged loci. Our data also demonstrate that, unlike somatic cells,
mouse and porcine oocytes fail to activate autophagy in response to DNA
double-strand break-inducing treatment, which we suggest may be the
cause of the altered chromatin conformation and inefficient DDR.
Importantly, autophagy activity is further reduced in maternally aged
oocytes (which harbor severe DNA damage), and its induction is correlated
with reduced DNA damage in maternally aged oocytes. Our findings pro-
vide evidence that reduced autophagy activation contributes to weakened
DDR in oocytes, especially in those from aged females, offering new pos-
sibilities to improve assisted reproductive therapy in women with com-
promised oocyte quality.

Infertility is a highly prevalent global issue. In the US, at least 10% of
women within reproductive age experience infertility'. Furthermore,
female fertility starts to decline in the early thirties, and this decline
accelerates after the age of 35*. A major cause of this decline is reduced
oocyte quality. Female gametes (oocytes) are produced through two
rounds of meiotic divisions following a single round of DNA replica-
tion. For poorly understood reasons, oocyte meiosis is notoriously

prone to errors leading to a high rate of aneuploidy, the leading
genetic cause of miscarriage and congenital abnormalities (e.g.,
Down'’s syndrome). Indeed, the incidence of aneuploidy is at least
10times higher in oocytes than in spermatozoa (male gametes), and
frequently occurs in meiosis I as opposed to meiosis IP. This high rate
of aneuploidy in oocytes increases exponentially with the advance-
ment of age®. Therefore, understanding the molecular mechanisms
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regulating oocyte meiosis is essential to unveiling how these
mechanisms are further perturbed in oocytes from females of
advanced reproductive age.

DNA damage is a major problem leading to premature aging,
genome instability, mutagenesis and cancer in somatic cells”". DNA
double-strand breaks (DSBs) are considered the most lethal form of
DNA damage which occurs constantly in almost all cell types, due to
assaults by endogenous and exogenous environmental agents. As a
result, cells have evolved a DNA damage response that involves a
complex network of signals responsible for the activation of specific
machineries mediating DNA damage sensing, cell cycle regulation,
DNA damage repair (DDR) and apoptosis™*. In somatic cells, following
DNA damage, the cell activates a DNA damage checkpoint, an essential
step to allow the required time for DDR by inducing cell cycle arrest. If
the DNA damage is not repaired, apoptosis will be triggered to induce
a cell death'®™, During early fetal development, mammalian oocytes
enter meiosis followed by meiotic recombination. Meiotic recombi-
nation requires the formation of programmed DNA DSBs. At that
stage, oocytes respond efficiently to this programmed DNA damage
and repair these programmed DNA breaks by homologous
recombination'®. Shortly after birth, oocytes undergo an arrest at
prophase I of meiosis | which is accompanied by oocyte growth (i.e.
increase in oocyte volume, growing oocytes). Quiescent growing
oocytes can efficiently repair DNA damage in apoptosis-inhibited mice
by activating RAD51-mediated DDR machinery®. After puberty and
prior to ovulation, arrested full-grown oocytes resume meiosis I. In
contrast to somatic cells and growing oocytes, full-grown mammalian
oocytes can progress through meiosis despite having DNA damage®.
Surprisingly, studies in mouse and human oocytes suggest that the
DNA damage response is further weakened in full-grown oocytes of
reproductively aged females, compared to young adult females? .
Why the DNA damage response (i.e., to exogenous DNA damage) is not
robust in full.grown mammalian oocytes, especially in those from
females with advanced reproductive age, remains an unresolved
question, representing a significant gap in our knowledge of why
oocyte meiosis | is notoriously prone to meiotic errors.

Autophagy is a cellular quality control mechanism which plays
animportant role in maintaining cellular homeostasis by degrading
and recycling unnecessary cytoplasmic proteins and organelles in
response to diverse stress conditions, such as nutrient deprivation,
infection and genotoxic stress**”. Autophagy includes three major
forms: microautophagy, chaperon-mediated autophagy and
macroautophagy®*?’. Macroautophagy is the most prevalent form
of autophagy. In macroautophagy, hereafter referred to as autop-
hagy, a double-membrane vesicle known as an autophagosome
forms which will target and isolate damaged cytoplasmic compo-
nents such as protein aggregates and organelles from the rest of
the cell. The autophagosome will then fuse with a lysosome to form
an autolysosome to accomplish degradation of the content by
lysosomal enzymes®**. In somatic cells, autophagy is activated in
response to DNA damage and plays an important role in regulating
several cellular functions including DDR*7¢, Emerging evidence
indicate that autophagy inhibition in DNA-damaged cells results in
QSTM1/p62 upregulation, E3 ligase RNF168s activity inhibition and
H2A ubiquitination reduction®. Following DNA damage, histone
ubiquitination is critical for altering chromatin structure®, an
important step for DDR***, We and others showed that treating
oocytes with MG-132 (a proteasomal inhibitor) or rapamycin,
known to stimulate autophagy, improved the developmental
competence of mammalian oocytes** and decreased DNA
damage*®. While these studies do not directly examine autophagy
or its status following exogenous DNA damage, their findings imply
the possible participation of autophagy in mitigating DNA damage.
Therefore, the role of autophagy in the response of full-grown
mammalian oocytes to exogenous DNA damage remains unknown.

Here we demonstrate that full-grown oocytes behave differently
than somatic cells in response to DNA damage. We found that full-
grown oocytes fail to activate autophagy in response to exogenous
DSB inducers. The inability of full-grown oocytes to activate autophagy
correlated with (1) altered chromatin architecture, (2) the failure of
DDR protein, RADS], to localize to DNA damaged sites, (3) their inef-
ficiency to repair damaged DNA, and (4) increased aneuploidy inci-
dence. Importantly, induction of autophagy in DNA-damaged oocytes
rescued altered chromatin architecture, increased RADS5I localization
to the DNA, decreased DNA DSBs, and reduced aneuploidy incidence.
Our results suggest that failure to activate autophagy in response to
DNA DSBs contributes to inefficient DDR function in full-grown
oocytes.

Results

DNA-damaged oocytes progress through meiosis I leading to
aneuploidy

To examine the response of full-grown prophase I-arrested (germinal
vesicle, GV) oocytes to exogenous DNA damage, we treated full-grown
GV oocytes with etoposide, a topoisomerase Il inhibitor, that is widely
used as a DSB inducer in somatic cells**° and mammalian
oocytes”***2, Upon inducing DSBs, histone H2AX is rapidly phos-
phorylated on Ser139 (yH2AX) by Ataxia Telangiectasia Mutated (ATM)
kinase to trigger signaling for DDR*°, Once DNA is repaired, yH2AX
decreases®. Therefore, YH2AX is recognized as a sensitive molecular
marker for DSBs in somatic cells and oocytes™ . Similar to previous
reports®**, treating full-grown GV oocytes (collected from sexually
mature mice and incubated with milrinone, a phosphodiesterase
inhibitor, to prevent meiotic resumption) with etoposide (50 pg/ml for
3 h*¥) induced DSBs as evidenced by the significant increase of yH2AX
fluorescence pixel intensity (Fig. 1A, B and Supplementary Fig. 1A) and
YH2AX levels by Western blot analysis (Fig. 1C) in etoposide-treated
oocytes, relative to DMSO-treated controls. To confirm this finding, we
employed the alkaline comet assay, an effective method to detect DNA
fragmentation/damage in eukaryotic cells. Alkaline comet assay mea-
sures DNA tail moment and length (See Material and Methods for more
detail), which correlate with DNA damage®’. Indeed, etoposide-treated
oocytes exhibited a significant increase in both DNA tail length and
moment, compared to DMSO-treated controls (Fig. ID-F). However,
caspase 3, an apoptosis marker, did not change significantly in
etoposide-treated oocytes, compared to control oocytes (Supple-
mentary Fig. 1B). Induction of DSBs in full-grown GV oocytes does not
completely prevent meiotic resumption and progression when the
oocytes are allowed to mature in vitro?>®', Similar to previous reports®,
approximately 40% of DNA-damaged oocytes (induced by 50 ug/ml
etoposide), which resumed meiosis and underwent nuclear envelope
breakdown (NEBD), were able to extrude the first polar body (PB) and
reached metaphase Il stage when matured in milrinone-free medium
(Supplementary Fig. 1C). However, there was a significant delay in the
timing of PB extrusion (PBE) in etoposide-treated oocytes when
compared to control oocytes (Supplementary Fig. 1D). Using time-
lapse confocal imaging, we observed lagging chromosomes during
anaphase I/telophase I in ~-80% of DNA-damaged oocytes which were
able to extrude the PB (Fig. 1G,H; Supplementary Movies 1 and 2), a
phenotype that highly correlates with aneuploidy®***. Using in situ
chromosome counting technique, we found that ~-80% of etoposide-
treated oocytes that extruded the PB were aneuploid, compared to ~3%
aneuploidy in controls (Fig. 11)). Thus, the exposure of full-grown GV
oocytes to DNA damage leads to the development of aneuploid
gametes. Because most chromosome segregation errors during
meiosis | arise from mistakes occurring during metaphase 1°°, we
examined metaphase I stage in DNA-damaged oocytes in detail. Con-
sistent with previous reports®*®!, we observed higher rates of chro-
mosome misalignment (Supplementary Fig. 1E, F) and chromosome
fragmentation (Fig. 1K, L) in etoposide-treated oocytes when
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compared to control oocytes. Interestingly, we found that almost all
chromosome fragments in etoposide-treated oocytes contain kine-
tochores (Supplementary Fig. 1G_c,d). Kinetochores are large protein
complex that link spindle microtubules to centromeric DNA of chro-
mosomes. Therefore, we asked whether chromosome fragmentation
in etoposide-treated oocytes is induced by microtubule-induced
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tension on chromosomes. Treatment of DNA-damaged oocytes with
nocodazole, a microtubule depolymerizing drug, decreased chromo-
some fragmentation (Supplementary Fig. 1G, H), indicating that
microtubule-induced tension on chromosomes leads to chromosome
fragmentation at metaphase I in DNA-damaged oocytes. These results
are consistent with previous observations that microtubules can
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Fig. 1| DNA-damaged oocytes progress through meiosis I resulting in aneu-
ploidy. A Full-grown germinal vesicle (GV) oocytes were incubated in milrinone-
containing CZB medium supplemented with DMSO (control) or 50 pg/ml etoposide
for 3 h followed by immunostaining with yH2AX antibody. B Quantification of
YH2AX fluorescence intensity. C Control and etoposide-treated GV oocytes were
assessed by Western blot analysis. Quantification of yH2AX (lower panel). D Control
and etoposide-treated GV oocytes were examined for DNA damage by alkaline
comet assay. Scale bars represent 100 um. E Quantification of DNA tail moment.
F Quantification of DNA tail length. G Control and etoposide-treated GV oocytes
were in vitro matured in CZB medium containing SiR-DNA. Shown are repre-
sentative time-lapse images. The white arrow represents lagging chromosomes.
H Quantification of lagging chromosome percentage. I Control and etoposide-
treated GV oocytes were in vitro matured for metaphase Il followed by in situ
chromosome counting to assess aneuploidy. J Quantification of aneuploidy per-
centage. K Etoposide- ultraviolet B (UV)- or ionizing radiation (IR)- treated GV
oocytes were assessed for DNA morphology at metaphase I. White arrows represent
abnormal chromosome condensation and white arrow heads represent a

fragmented chromosome. L Quantification of chromosome fragmentation per-
centage. M Quantification of abnormal chromosome condensation percentage.

N Full-grown GV oocytes were incubated in milrinone-containing CZB medium
supplemented with DMSO (control) or etoposide for 3 h. A subset of control and
etoposide-treated oocytes were fixed after 3 h, whereas the remaining oocytes were
released from etoposide and cultured in milrinone-containing CZB medium for 16 h
(recovery) prior to fixation. The oocytes were immunostained with yH2AX anti-
body. O Quantification of yH2AX fluorescence intensity. DNA was labeled with
DAPI. Scale bars represent 10 um. The white dashed circle represents the nucleus.
Data are expressed as mean + SEM. Each dot in plot graphs represents an oocyte
except C, H, J, L and M represents the average of an experimental replicate. Two-
tailed Student-t-test (B, E, F, H and J), one-way ANOVA (C, L, M and O) were used to
analyze the data. Values with asterisks are significantly different, xp < 0.05,

swkp < 0.001, s++xp < 0.0001. The total number of analyzed oocytes is specified
above each graph/column. All experiments were replicated three times except

G, H, I and J (four replicates). Source data are provided as a Source Data file.

establish stable attachments with kinetochores in DNA-damaged
oocytes®®. During meiosis I, homologous chromosomes must be
bioriented and correctly attached (at kinetochores) to opposite spin-
dle poles, necessary for accurate chromosome segregation during
anaphase I and telophase I. The presence of separated kinetochores in
DNA-damaged oocytes (Supplementary Fig. 1G_c,d) may explain why
homologous chromosomes do not properly segregate during ana-
phase/telophase I, leading to aneuploidy. Importantly, we found that
chromosome architecture is altered in DNA-damaged oocytes. In
contrast to control oocytes in which chromosomes have a normal
bivalent morphology, etoposide-treated oocytes had significantly
higher rates of abnormal chromosome condensation (i.e., loss of
normal bivalent morphology) (Fig. 1K, M). These chromosome con-
densation defects and chromosome fragmentation are not specific to
etoposide treatment because similar phenotypes were observed when
DSBs were induced by a brief exposure to ultraviolet (UV) B radiation
(302 nm, 305s) or ionizing radiation (1Gy) (Fig. 1IK-M). These results
demonstrate that the exposure of full-grown oocytes to DSBs at the GV
stage alters chromosome architecture at metaphase I and increases
their risk of developing aneuploid gametes.

Somatic cells can efficiently repair most DNA damage if they are
given longer time for recovery®”’. We asked whether providing DNA-
damaged oocytes with a longer recovery duration would allow for
efficient DDR. Following a 3 h etoposide treatment (50 pg/ml), GV
oocytes were cultured in etoposide-free medium containing milrinone
(to prevent meiotic resumption and to keep all oocytes arrested at the
GV stage) for an additional 16 h followed by assessing YH2AX levels.
Interestingly, full-grown GV oocytes were not able to fully repair DSBs
as YH2AX did not decrease significantly after the extended incubation
in etoposide-free medium (Fig. IN,0). This finding is consistent with
a previous observation that, at 6 h post-etoposide washout (50 or
100 pg/ml etoposide treatment for 3 h), the levels of yH2AX did not
return to the baseline levels and were approximately 7-10-fold higher
than those in the control group®. Given that oocytes can fully repair
mild DNA damage (induced by a short incubation, 15 min, with a lower
concentration, 25 ug/ml, of etoposide) over a period of 10 h*?, our
findings suggest that full-grown GV oocytes have a limited capacity to
repair moderate levels of DNA damage (induced by 50 pg/ml etopo-
side treatment for 3 h in this study), and at that stage, one or more of
DDR mechanisms are not fully functional.

Mammalian oocytes do not activate autophagy in response

to DSBs

In somatic cells, autophagy is activated in response to DNA damage
and plays a significant role in DDR**°, Treating mammalian oocytes (in
the absence of exogenous DNA damage) with rapamycin, an autop-
hagy inducer, is accompanied by decreased yH2AX levels*s. However,

it is unknown whether rapamycin can rescue exogenous DNA damage,
or whether it acts through autophagy induction. Therefore, the
involvement of autophagy in the DNA damage response of mammalian
oocytes is largely unknown. Given the limited capacity of full-grown
oocytes to repair moderate levels of DSBs, we asked whether the
autophagy-mediated DDR mechanism is dysfunctional in oocytes. To
this end, full-grown GV oocytes were collected and cultured with
etoposide (to induce DSBs) and milrinone (to maintain the oocytes
arrested at GV stage) before assessing autophagy activity. Strikingly, in
contrast to somatic cells in which autophagy is stimulated in response
to DNA damage®****, autophagy activity (assessed by an autophagy
Cyto-ID detection assay) failed to be activated and was significantly
decreased in live DNA-damaged oocytes, compared to controls
(Fig. 2A, B). When autophagy is activated, the cytosolic form of the pro-
autophagic, microtubule-associated protein 1 light chain 3 (LC3-I)
becomes conjugated to phosphatidylethanolamine to form LC3-
phosphatidylethanolamine conjugate (LC3-1I), which is recruited to
autophagosomal membranes®. Because LC3-Il is specifically corre-
lated with autophagosomes and autolysosomes, it is a reliable marker
of autophagic activity in both somatic cells and oocytes’® 7% Consistent
with Cyto-ID assay results, LC3-II levels, determined by Western blot
densitometry, were significantly reduced in etoposide-treated oocytes
when compared to controls (Fig. 2C, D). This contrasts with granulosa
cells (somatic cells), in which LC3-1l was increased following etoposide
treatment (Supplementary Fig. 2B). We then asked whether the failure
of the oocyte to upregulate autophagy in response to DSBs is con-
served in mammalian oocytes. Immature porcine cumulus oocyte
complexes (COCs) were collected and cultured in medium containing
milrinone (to prevent meiotic resumption) and etoposide (to induce
DSBs) followed by assessing autophagy activity. Similar to mouse
oocytes, porcine oocytes exhibited a lack of autophagy activation
when treated with etoposide (Supplementary Fig. 2C, D). This con-
trasts with somatic cumulus cells, in which autophagy activity
increased following etoposide treatment (Supplementary Fig. 2C, E).
Thus, autophagy activation in response to exogenously induced DSBs
in mammalian oocytes is not functional, unveiling a significant differ-
ence between somatic cells and full-grown oocytes, and raising the
question of whether inefficient autophagy activation is the cause, at
least in part, of deficient DDR in mammalian oocytes.

Reduced autophagy contributes to a weakened DNA damage
response in oocytes

Whether autophagy induction can rescue exogenous DNA damage is
unknown. We treated full-grown GV oocytes with etoposide alone or
etoposide and rapamycin, a well-established autophagy inducer in
both somatic cells and oocytes**”>’, followed by assessing the DNA
DSB status. Expectedly, treating mouse oocytes with rapamycin
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stimulated autophagy as evidenced by the significant increase of
autophagic activity in live oocytes, compared to control oocytes
(Supplementary Fig. 2A) and its ability to rescue decreased autophagy
in etoposide-treated oocytes (Fig. 2A-D). Although we did not observe
areduction in yH2AX levels in control (non-etoposide-treated) oocytes
treated with rapamycin, rapamycin treatment decreased etoposide-

A N (4
O \\'\\Q o«%\b
& (<>°Q @%Q

induced DSBs as evidenced by decreased YH2AX levels, compared to
the etoposide-only treated group (Fig. 2E, F). Again, autophagy
induction by rapamycin significantly decreased DNA damage in
etoposide-treated oocytes as evidenced by decreased DNA tail
moment and length (Fig. 2G, H). To further confirm our conclusion, we
induced DNA DSBs using two different methods: UV and ionizing
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Fig. 2 | Reduced autophagy is the likely cause of weakened DNA damage repair
in oocytes. A Full-grown germinal vesicle (GV) oocytes were incubated in
milrinone-containing CZB medium supplemented with DMSO (control), etoposide
or etoposide + rapamycin for 3 h followed by autophagy activity measurements by
using Cyto-ID detection kit. Representative images are shown. Scale bar represents
100 um. B Quantification of autophagy activity in A. C Full-grown GV oocytes (150
oocytes per group) were incubated in milrinone-containing CZB medium supple-
mented with the indicated treatments for 3 h followed by Western blot analysis with
LC3 and «-tubulin antibodies. Representative images are shown. D Quantification
of LC3Il in C. Each dot in the plot graph represents the average of an experimental
replicate. (E) Full-grown GV oocytes were incubated in milrinone-containing CZB
medium supplemented with the indicated treatments for 3 h. Oocytes were fixed
and immunostained with yH2AX antibody. Representative images are shown. Scale
bar represents 10 pm. F Quantification of yH2AX fluorescence intensity in E.

G, H Full-grown GV oocytes were incubated in milrinone-containing CZB medium

supplemented with the indicated treatments for 3 h followed by alkaline comet
assay to assess DNA tail moment (G) and DNA tail length (H), quantified from

Fig. 5A. (I) Full-grown GV oocytes were exposed to ionizing radiation (IR, 1 Gy) and
incubated with the indicated treatments in milrinone-containing CZB medium for
3 h followed by immunostaining with yH2AX antibody. Representative images are
shown. Scale bar represents 10 pm. J Quantification of YH2AX fluorescence inten-
sity in (I). K Full-grown GV oocytes were incubated in milrinone-containing CZB
medium supplemented with the indicated treatments for 3 h. Oocytes were fixed
and immunostained with yH2AX antibody. Representative images are shown. Scale
bar represents 10 pm. L Quantification of yH2AX fluorescence intensity in (K). DNA
was stained with DAPI. Data are expressed as mean + SEM. Two-tailed Student-t-test
(B), One-way ANOVA was used to analyze the data. Values with asterisks differ
significantly, p < 0.05, #xp < 0.01, s#xp < 0.001, ##xxp < 0.0001. The total number
of analyzed oocytes (from three independent replicates) is specified above each
graph. Source data are provided as a Source Data file.

radiation. Compared to controls, a brief exposure of the oocytes to
ionizing radiation (1 Gy) significantly increased yH2AX levels (Fig. 21, ).
Similarly, a brief exposure of the oocytes to UV (302 nm for 30 s) sig-
nificantly increased cyclobutane pyrimidine dimer (CPD) (Supple-
mentary Fig. 2F, G), the dominant form of DNA lesions in UV-exposed
cells”>’® and yH2AX levels (Supplementary Fig. 2H, 1), compared to
controls. Importantly, rapamycin treatment significantly reduced DSBs
in oocytes exposed to ionizing radiation (Fig. 2I, J) or UV (Supple-
mentary Fig. 2H, I). Rapamycin induces autophagy by inhibiting
mTOR” which is involved in a variety of cellular functions in addition
to autophagy induction”. To confirm that rapamycin rescues DSBs
through autophagy induction specifically, we inhibited autophagy
using an mTOR-independent pathway. Spautin-1 is a potent small
molecule inhibitor that effectively suppresses autophagy by targeting
ubiquitin-specific peptidases, USP10 and USP13, leading to the degra-
dation of Beclin-1, a crucial protein necessary for autophagy
initiation’®. In the following experiments, the co-treatment of oocytes
with spautin-1 and rapamycin was used as an additional control group
to establish whether rapamycin effects specifically result from autop-
hagy induction, but not through other mTOR-dependent pathways.
Treating mouse oocytes with spautin-1 efficiently decreased autop-
hagy (Supplementary Fig. 2A) and increased the level of DSBs when
compared to control oocytes (Fig. 2K, L), suggesting that full-grown
oocyte contains certain level of autophagy necessary to respond to
minimal DNA damage induced by endogenous DNA assaults. Inhibition
of autophagy with spautin-1 further increased yH2AX levels in
etoposide-treated oocytes (Fig. 2K, L). Autophagy inhibition using
spautin-1, which inhibits autophagy via mTOR-independent pathway,
abolished the rescue effect of autophagy induction by rapamycin in
DNA-damaged oocytes (Fig. 2E, F; Fig. 2I, J and Supplementary
Fig. 2H, I). Proteasomal inhibitor, MG-132, is also known to induce
autophagy indirectly by inhibiting the proteosome degradation sys-
tem, leading ultimately to increased LC3-1 to LC3-Il conversion”>,
Consistent with our observations, MG-132 supplementation sig-
nificantly decreased yH2AX levels in etoposide-treated oocytes (Sup-
plementary Fig. 3A, B). Autophagy inhibition using spautin-1 abolished
the effect of MG-132 on reducing DSBs (Supplementary Fig. 3A, B),
suggesting that MG-132 decreases DSBs through autophagy activation.
It is unlikely that autophagy induction (using rapamycin or MG-132)
reduced exogenously induced DSBs by affecting cell cycle progression
because the aforementioned experiments were performed while the
full-grown oocytes were arrested at the GV stage. To further confirm
our findings, we generated mice deficient of Autophagy-Related Gene
5 (ATGS5) specifically in oocytes (Atg5" oocytes) by crossing ATG5
floxed allele mice®" with Gdf9-Cre mice. Expectedly, Atg5”" oocytes
exhibited lower levels of autophagy activity than wildtype (WT)
oocytes (Fig. 3A,B). Atg5”" oocytes exhibited higher levels of DSBs as
evidenced by the significant increase of yH2AX fluorescence pixel
intensity when compared to WT oocytes (Fig. 3C, D). Moreover, Atg5™

oocytes were sensitive to a low level of DNA damage. Compared to WT
oocytes, Atg5”" oocytes showed significantly higher levels of YH2AX
following the exposure to a low concentration (10 pg/ml) of etoposide
treatment (Fig. 3C, D). Importantly, rapamycin treatment significantly
decreased etoposide-induced DSBs in WT oocytes, but not in Atg5"
oocytes (Fig. 3C, D). Taken together, these results indicate that rapa-
mycin decreases DSBs by inducing autophagy and that reduced
autophagy contributes to the increased sensitivity of full-grown
oocytes to DSBs.

Autophagy has both DNA damage protection and repair roles in
oocytes by promoting RAD51 recruitment to the DNA

To understand how autophagy regulates the response of mouse
oocytes to DSBs, we first investigated whether autophagy protects
against DSBs, repairs DSBs, or both. To answer this question, two
experiments were conducted. To first investigate whether autophagy
protects against DSBs, we stimulated autophagy by treating the
oocytes with rapamycin for 2 h followed by exposing the oocytes to
etoposide, for an additional 1h, in a rapamycin-free milrinone-con-
taining medium. Our results revealed that inducing autophagy before
DNA damage significantly decreased yH2AX intensity when compared
to non-rapamycin-pretreated oocytes or rapamycin+spautin-1-pre-
treated oocytes (Supplementary Fig. 4A-C), indicating that high levels
of autophagy can protect against DSBs in mouse oocytes. Then to
investigate whether autophagy decreased DSBs by stimulating DDR,
we treated the oocytes with etoposide for 1 h followed by culturing the
oocytes in etoposide-free medium with or without rapamycin for an
additional 2 h. Again, our results revealed that increasing autophagy
after etoposide treatment significantly decreased yH2AX fluorescence
pixel intensity when compared to non-rapamycin-treated oocytes
(Supplementary Fig. 4D-F). Taken together, our results indicate that
autophagy plays a role in both the protection and repair mechanisms
against DSBs in mouse oocytes.

To understand the molecular mechanism of autophagy-
mediated DDR, we screened several DNA damage checkpoint and
repair proteins in DNA-damaged oocytes incubated with or without
rapamycin. Upon DNA DSBs, ATM kinase is activated, a necessary
step for DDR initiation. When damaged DNA is repaired, ATM is
inactivated®>®, Levels of phospho-ATM (p-ATM) were elevated in
etoposide-treated oocytes (Supplementary Fig. 4G, H), suggesting
that DNA damage sensing mechanism is functional in oocytes. As
expected, treatment with rapamycin, but not with rapamycin+spau-
tin-1, significantly decreased p-ATM levels in etoposide-treated
oocytes (Supplementary Fig. 4G, H), further confirming the rescue
effect of autophagy induction on DSBs. To investigate the efficiency
of DDR mechanism, we assessed the localization of RADS51 in mouse
oocytes. RADS51 is an essential protein for DDR by homologous
recombination®. In somatic cells, RAD51 expression is activated fol-
lowing DNA damage and plays a critical role in DDR by its
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exhibit elevated levels of DNA double-strand breaks. A Full-grown wildtype (WT)
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autophagy activity by using Cyto-ID detection kit. Representative images are
shown. Scale bar represents 50 pm. B Quantification of autophagy activity in A.

C Full-grown WT or ATG5 KO GV oocytes were incubated in milrinone-containing
CZB medium supplemented with the indicated treatments for 3 h followed by
fixation and immunostaining with yH2AX antibody. Etoposide was used at a low
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concentration (10 pg/ml). Representative images are shown. DNA was stained with
DAPI. Scale bar represents 10 pm. D Quantification of yH2AX fluorescence intensity
in C. Data are expressed as mean = SEM. One-way ANOVA was used to analyze the
data. Values with asterisks differ significantly, +p < 0.05, #xxp < 0.001,

wekxp < 0.0001. The total number of analyzed oocytes (from three independent
replicates) is specified above each graph. Source data are provided as a Source
Data file.

recruitment to damaged-DNA foci®*®*®. To our surprise, even in the
presence of elevated DSBs, the number of RADS1 foci (i.e., RADS1
aggregates as a result of their localization to DNA) at the damaged
DNA did not vary significantly in etoposide-treated oocytes
(Fig. 4A, B) or oocytes exposed to ionizing radiation (Fig. 4D, E) when
compared to those in control oocytes. Strikingly, autophagy induc-
tion with rapamycin treatment, but not with rapamycin+spautin-1,
significantly increased RADS1 localization to the DNA in DNA-
damaged oocytes induced by etoposide (Fig. 4A, B), ionizing

radiation (Fig. 4D, E) or UV exposure (Supplementary Fig. 2H, J). To
further confirm RADS1 localization to the DNA, we isolated DNA-
protein complex and assessed RADSI levels in the extracted chro-
matin of DNA-damaged oocytes treated with or without rapamycin.
RADS1 protein levels did not vary significantly between control and
etoposide-treated oocytes. Autophagy induction with rapamycin
treatment, but not with rapamycin+spautin-1, significantly increased
RADS1 levels in the extracted chromatin of etoposide-treated
oocytes (Fig. 4F). Consistent with our observations, inducing
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autophagy using MG-132 treatment, but not with MG-132+spautin-1,
significantly increased RADS1 foci numbers in etoposide-treated
oocytes (Supplementary Fig. 3A, C). To further investigate the effi-
ciency of DDR mechanism, we assessed the localization of Ku80, a
critical protein for non-homologous end-joining repair pathway, in
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elevated DSBs, the numbers of Ku80 foci at the DNA did not increase
significantly in etoposide-treated oocytes when compared to con-
trols (Supplementary Fig. 5A, B). Importantly, autophagy induction
by rapamycin, but not by rapamycin+spautin-1, increased the num-
bers of Ku80 foci in DNA-damaged oocytes (Supplementary
Fig. 5A, B), albeit lower than its effect on RADS51 localization to the
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Fig. 4 | Autophagy promotes RAD51 recruitment to damaged DNA. A Full-grown
germinal vesicle (GV) oocytes were incubated in milrinone-containing CZB medium
supplemented with the indicated treatments for 3 h. Oocytes were fixed and
immunostained with RAD51 and yH2AX antibodies. Right panels represent zoomed
examples of fluorescence intensity of RAD5I1 at the DNA using the plot profiles
function in Image ). B Quantifications of the number of RADS51 foci localized at the
DNA. C Quantifications of yH2AX fluorescence intensity. D Control and DNA-
damaged oocytes (exposed to ionizing radiation, IR) were incubated in milrinone-
containing CZB medium supplemented with the indicated treatments for 3 h. The
oocytes were fixed at GV stage and immunostained with RADS51 and yH2AX anti-
bodies. E Quantifications of the number of RADSI foci localized at the DNA in (D).

Shown are representative images. DNA was stained with DAPI. Scale bars represent
10 pum. F Full-grown GV oocytes were incubated with the indicated treatments for
3 h followed by chromatin extraction and Western blot analysis with RAD51 and
Histone H3 antibodies. Quantification of RADS1 protein level (lower panel). Each
dot in the plot graph represents the average of an experimental replicate. Data are
expressed as mean + SEM. One-way ANOVA was used to analyze the data. Values
with asterisks differ significantly, xp < 0.05, xp < 0. 01, #+xp < 0.001,

wxkxp < 0.0001. The total number of analyzed oocytes from three independent
replicates (4 F, two replicates) is specified above each graph. Source data are pro-
vided as a Source Data file.

DNA. Together, these results show that autophagy promotes the
recruitment of the DDR proteins RAD51 and Ku80 to damaged DNA
through an uncharacterized mechanism.

Autophagy regulates chromatin remodeling in DNA-damaged
oocytes

Chromatin remodeling from a condensed closed chromatin to an
open chromatin structure is required during DDR, to render
damaged DNA accessible to DDR proteins®® ™. In somatic cells,
autophagy-deficiency decreases RNF168-mediated histone H2A
ubiquitination, leading to a more closed chromatin structure®,
Considering the abnormal chromosome condensation phenotype
observed in DNA-damaged oocytes, we hypothesized that the
reduced RADSI localization to DNA-damaged sites is due to steric
hindrance by closed chromatin structure, and consequently,
autophagy induction enables RADS5I1 localization to DNA-damaged
sites by causing the chromatin to open. To assess chromatin
conformation in DNA-damaged oocytes, we employed the DNase
sensitivity assay, an accurate and commonly used method to
study chromatin states in mammalian cells* °2.This assay is pre-
mised on the ability of DNase | enzyme to cut open DNA/chro-
matin faster than closed DNA/chromatin. Therefore, when the
chromatin is open, the ratio between DNA fragmentation in
DNase treated vs. non-DNase treated (DNase/non-DNase ratio) is
higher than that of closed chromatin. DNA-damaged oocytes (by
etoposide-treatment and irradiation) exhibited a significant
decrease in tail moment DNase/non-DNase ratio and tail length
DNase/non-DNase ratio when compared to control oocytes
(Fig. 5A-C and Supplementary Fig. 6A-D), indicating that the
chromatin is relatively closed in DNA-damaged oocytes. We also
found that reducing autophagy levels by spautin-1 treatment
resulted in a closed chromatin structure, as shown by decreased
tail moment DNase/non-DNase ratio and tail length DNase/non-
DNase ratio, compared to controls (Fig. 5A-C). The induction of
autophagy by rapamycin, but not by rapamycin+spautin-1, in
DNA-damaged oocytes caused the chromatin to open, as shown
by the significant increase in tail moment DNase/non-DNase ratio
and DNA tail length DNase/non-DNase ratio, compared to DNA-
damaged oocytes (Fig. 5A-C and Supplementary Fig. 6A-D),
indicating that autophagy modulates chromatin conformation in
mouse oocytes. To confirm our results, we examined the levels of
H3K9/K14 acetylation, a marker of open chromatin®®, and
H3K27me3, a marker preferentially associates with closed
heterochromatin®®*%, in DNA-damaged oocytes. Consistent with
DNase sensitivity assay results, induction of DSBs by etoposide
treatment or ionizing radiation resulted in a more closed chro-
matin state in DNA-damaged oocytes as shown by decreased
H3K9/K14 acetylation levels (Fig. 5D,E and Supplementary
Fig. 6E, F) and increased H3K27me3 levels (Fig. 5F, G). Impor-
tantly, autophagy induction by rapamycin treatment, but not by
rapamycin+spautin-1 treatment, increased open chromatin status
in DNA-damaged oocytes as shown by the significant increase of
H3K9/K14 acetylation levels (Fig. SD,E and Supplementary

Fig. 6E, F) and the decrease of H3K27me3 levels (Fig. 5F, G). Thus,
autophagy promotes chromatin remodeling in DNA-damaged
oocytes. Histone acetylation is a major regulator of chromatin
state and is largely regulated by histone deacetylases (HDACs)
and histone acetyl transferases (HATs). Therefore, HAT inhibitors
have been shown to induce a closed chromatin structure, whereas
HDAC inhibitors have been shown to induce an open chromatin
status’”'°2, We found that, following DSB induction, the chro-
matin is relatively closed with reduced RADSI1 localization to the
DNA. To determine whether open chromatin conformation is
required for RADS51 to access DNA-damaged sites, we treated
DNA-damaged oocytes with an HDAC inhibitor, trichostatin A, to
promote open chromatin'®. Treating the oocytes with trichosta-
tin A increased RADS1 localization to the DNA in etoposide-
treated oocytes (Supplementary Fig. 7A, B), indicating that,
similar to somatic cells®*®*, chromatin remodeling to an open
chromatin structure is required for DDR protein localization to
the DNA. A known phenomenon of trichostatin A is the phos-
phorylation of H2A by ATM even in the absence of actual DNA
damage'®®. Consistent with this finding, we did not observe a
reduction in YH2AX intensity in oocytes treated with both eto-
poside and trichostatin A (Supplementary Fig. 7A, C), suggesting
that increased RADSI localization to the DNA is due to the tri-
chostatin A-induced open chromatin structure. To confirm that
the open chromatin conformation caused by autophagy induction
is the cause, at least in part, of increased RADS5I localization to the
damaged DNA, we asked whether increasing closed chromatin
state abolishes the increased RADSI1 localization to the DNA in
rapamycin-treated DNA-damaged oocytes. Importantly, treating
the oocytes with garcinol, a HAT inhibitor that has been shown to
increase closed chromatin structure in somatic and cancer
cells>10415 - decreased RADS1 localization to the DNA and
increased yYH2AX levels in rapamycin-treated DNA-damaged
oocytes (Fig. 4A-C). Taken together, our findings indicate that in
DNA-damaged oocytes, autophagy increases RADS51 localization
to the DNA at least partially by promoting an open chromatin
structure.

PARP1 activation is a downstream pathway of autophagy in
mouse oocytes

In somatic cells, Poly [ADP-ribose] Polymerase 1 (PARP-1) is activated in
response to DNA damage, a necessary step to promote open chro-
matin status and to facilitate DDR protein recruitment'*'”’, Indeed,
treating granulosa (somatic) cells with etoposide increased PARP-1,
compared to DMSO-treated cells (Supplementary Fig. 2B). Again, in
contrast to somatic cells, the oocytes failed to stimulate PARP-1
(Fig. 6A, B and Supplementary Fig. 8A) in response to DNA damage, a
phenomenon similar to the autophagy activation failure in DNA-
damaged oocytes. Autophagy is necessary for the maintenance of
NAD(H) pool, which is necessary for PARP-1 activation and function'*,
Moreover, autophagy inhibition downregulates PARP-1 expression in
hepatoma cells exposed to radiation-induced damage'®. To test
whether the lack of PARP-1 activation in DNA-damaged oocytes is
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related to autophagy reduction, we assessed PARP-1 after autophagy
induction in DNA-damaged oocytes. Interestingly, autophagy induc-
tion increased PARP-1 levels in DNA-damaged oocytes compared to
those in etoposide-treated oocytes, as shown by Western blot (Sup-
plementary Fig. 8A) and immunocytochemistry (Fig. 6A, B) analyses.
We then examined whether autophagy induction rescued DDR in DNA-

damaged oocytes by stimulating PARP-1. We utilized niraparib, a highly
selective FDA-approved inhibitor of PARP-1 and PARP-2"°, Inhibition of
PARP-1 by using niraparib eliminated autophagy-mediated open
chromatin configuration in DNA-damaged oocytes (Fig. 6C-E).
Importantly, PARP-1 inhibition abolished the rescue effect of autop-
hagy on DDR in DNA-damaged oocytes (rapamycin+etoposide), as
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Fig. 5 | Autophagy regulates chromatin remodeling in DNA-damaged oocytes.
A Full-grown germinal vesicle (GV) oocytes were incubated in milrinone-containing
CZB medium supplemented with indicated treatments for 3 h. The DNase-treated
and non-DNase-treated oocytes were subjected to the alkaline comet assay. Shown
are representative images. Scale bar represents 100 pm. B Quantification of average
DNA tail moment ratio (DNase/non-DNase treatment) in (A). C Quantification of

average DNA tail length ratio (DNase/non-DNase treatment) in (A). D Full-grown GV
oocytes were incubated in milrinone-containing CZB medium and exposed to the
indicated treatments. The oocytes were fixed and immunostained with H3K9/14ac
and yH2AX antibodies. Scale bar represents 10 um. E Quantification of H3K9/14ac

fluorescence intensity in (D). Shown are representative images. F Full-grown GV
oocytes were incubated in milrinone-containing CZB medium and exposed to the
indicated treatments. The oocytes were fixed and immunostained with H3K27me3
antibody. G Quantification of H3K27me3 fluorescence intensity in F. Shown are
representative images. DNA was stained with DAPI. Scale bar represents 10 pm.
Data are expressed as mean + SEM. One-way ANOVA was used to analyze the data.
Values with asterisks differ significantly, xp < 0.05, #p < 0.01, #+xp < 0.001,

sekxp < 0.0001. The total number of analyzed oocytes (from three independent
replicates) is specified above each graph. Source data are provided as a Source
Data file.

evidenced by increased YH2AX levels (Fig. 6F, G), increased both DNA
tail length and moment (Supplementary Fig. 8B, C) and decreased
RADSI localization to the DNA (Fig. 6F, H). Taken together, these data
indicate that autophagy induction promotes DDR protein localization
by inducing open chromatin structure, at least in part through PARP-1
activation.

Reduced autophagy is the likely cause of weakened DNA
damage response in oocytes from reproductively aged mice
The main consequences of DSB induction in mouse oocytes are
decreased PBE, delayed meiotic progression, altered chromosome
morphology, increased chromosome fragmentation, and the
development of aneuploid gametes. We found that autophagy
induction increased the percentage of PBE (Supplementary Fig. 1C),
accelerated the meiotic progression (Supplementary Fig. 1D),
decreased the incidence of abnormal chromosome condensation
(Fig. 7A, B), decreased chromosome fragmentation (Fig. 7A, C) and,
decreased the incidence of aneuploidy (Fig. 7D, E) in DNA-damaged
oocytes. Thus, autophagy induction may provide a promising
approach to overcome the consequences of exposing full-grown
mammalian oocytes to exogenously induced DSBs. Although the
DDR is not robust in full-grown mammalian oocytes, including
humans and mice, it is further weakened in oocytes from females of
advanced reproductive age due to poorly understood reasons?-**%,
Thus, oocytes from aged females represent a model of elevated
DNA damage without chemical or radiation treatment. Autophagy
reduction is a hallmark of aging as it decreases gradually with the
advancement of age, leading to the development of a wide variety of
disorders including neurodegenerative and metabolic diseases, and
cancer™. This study shows that reduced autophagy correlates with
increased DNA damage in full-grown GV oocytes. Thus, we further
hypothesize that reduced autophagy contributes to the weakened
DDR in oocytes from aged mice. To this end, we assessed autop-
hagic activity in GV oocytes collected from aged mice (12-14-month-
old). Oocytes collected from young mice (6-8-week-old) were used
as controls (excluding the effect of early meiotic recombination in
response to programmed DNA breaks). Consistent with our
hypothesis, the autophagic activity was significantly decreased in
oocytes collected from aged vs. young mice (Supplementary
Fig. 9A, B), raising the question of whether autophagy induction can
rescue increased DSBs in aged mouse oocytes. In line with previous
reports**®, oocytes from aged mice exhibited higher levels of DSBs
(increased yH2AX intensity) compared to those in young mouse
oocytes (Supplementary Fig. 9C, D). Importantly, autophagy
induction in oocytes from aged mice significantly reduced yH2AX
intensity to a level comparable to that of young mouse oocytes
(Supplementary Fig. 9C, D). Expectedly, oocytes from aged mice
showed higher rates of aneuploidy when compared to those from
young mice (Supplementary Fig. 9E, F). We found that autophagy
induction by rapamycin, but not by rapamycin+spautin-1, decreased
the incidence of aneuploidy in oocytes from aged mice (Supple-
mentary Fig. 9E, F). Taken together, our results show that reduced
autophagy correlates with increased DNA damage in oocytes from
aged mice.

Discussion

For largely unknown reasons, full-grown GV oocytes have a limited
capacity to repair damaged DNA. We find that, unlike somatic cells,
full-grown oocytes do not efficiently activate autophagy in response to
moderate levels of DSBs. We show that this diminished autophagy
activation in full-grown oocytes contributes to reduced PARP-1 acti-
vation, altered chromatin conformation and the failure of RAD51
recruitment to the DNA in response to moderate DNA damage levels.
Induction of autophagy rescues altered chromatin conformation,
increased RADS5I localization to the DNA, increased DDR efficiency,
decreased chromosome fragmentation and decreased the incidence of
aneuploidy in DNA-damaged oocytes (Fig. 8). We also show that
autophagy is reduced in oocytes from reproductively aged mice,
which is the cause, at least partially, of the increased severity of DNA
damage in maternally aged oocytes.

Exposure of somatic cells to mild DNA damage is sufficient to
induce a cell cycle arrest (by activating the G2/M checkpoint), pro-
viding sufficient time for repairing DNA damage. If DNA damage is not
repaired, the cell will activate the p53-dependent apoptotic pathway.
For poorly understood reasons, the DNA damage response is not
robust, and both p53- and p63-mediated apoptosis are not functional
in full-grown GV oocytes™. Only exposure to severe, but not mild or
moderate, DNA damage can prevent meiotic resumption in full-grown
oocytes?, increasing the risk of developing aneuploid gametes. Hence,
full-grown oocytes employ an alternative mechanism to hinder meiotic
progression following DNA damage by activating another surveillance
mechanism, the spindle assembly checkpoint (SAC), leading to a cell
cycle arrest at metaphase I stage®>°". This is surprising because the SAC
is known to be weak in oocytes, compared to somatic cells™'",
Therefore, even though the SAC is activated in response to DNA
damage, a considerable percentage of mouse oocytes can progress
through meiosis I and reach metaphase Il stage. Indeed, similar to a
previous report®, we found that, approximately 40% of etoposide-
treated oocytes that underwent NEBD were able to extrude the PB,
likely because the DNA damage was below the SAC activation thresh-
old. Human oocytes can similarly progress through meiosis | and reach
metaphase Il while harboring damaged DNA%, suggesting that not only
DNA damage-induced cell cycle arrest mechanism is weak, but the DDR
mechanism is also inefficient. We found that autophagy promotes
chromatin remodeling and DDR function in in GV-arrested oocytes,
independently of affecting the cell cycle. Additionally, when DNA-
damaged oocytes were allowed to mature in the presence of rapa-
mycin, there was no delay in the timing of NEBD or PBE. Thus, reduced
autophagy contributes to the weakened DDR mechanism in DNA-
damaged oocytes, but not to the inefficient initiation of cell cycle
arrest. However, future research is essential to determine whether
excessive autophagy induction affects other cytoplasmic events in
mammalian oocytes.

The full-grown oocyte exhibits relatively low levels of autophagy
under normal physiological conditions, which increases only after
fertilization’. This basal level of autophagy activity is likely required to
protect the oocyte against mild endogenous DNA assaults. Indeed,
autophagy inhibition by spautin-1 increased DSBs in oocytes and fur-
ther exacerbated the severity of DNA damage in etoposide-treated
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oocytes. In somatic cells, autophagy is activated in response to various
stressors including exogenous DNA damage. Similar to somatic cells,
full-grown oocyte can activate autophagy in response to several
stressors such as cryopreservation and heat stress"*". However, we
found that, in response to moderate DNA damage induction, full-
grown oocytes failed to activate autophagy, and this basal autophagy

level is even decreased. We speculate that upon DSB induction, the
basal level of autophagic activity reaches its capacity during the initial
DDR response. Failure to further activate autophagy in DNA-damaged
full-grown oocytes contributes to their limited capacity to repair DNA
damage. It would be an interesting future direction to determine
underlying the molecular mechanisms that might be responsible for
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Fig. 6 | Autophagy-induced PARP-1 activation regulates chromatin remodeling
in DNA-damaged oocytes. A, B Full-grown germinal vesicle (GV) oocytes were
incubated with the indicated treatments for 3 h in milrinone-containing CZB
medium followed by immunostaining with PARP-1 antibody. B Quantification of
PARP-1 fluorescence intensity in (A). C Full-grown GV oocytes were cultured in
milrinone-containing CZB medium and exposed to the indicated treatments. The
DNase-treated and non-DNase-treated oocytes were subjected to the alkaline
comet assay. Representative images are shown. Scale bars represent 100 pm.

D Quantification of average DNA tail length ratio (DNase/non-DNase treatment).
E Quantification of average DNA tail moment ratio (DNase/non-DNase treatment).

F Full-grown GV oocytes were incubated in milrinone-containing CZB medium
supplemented with the indicated treatments for 3 h. Oocytes were fixed and
immunostained with yH2AX and RADS51 antibodies. G Quantification of yH2AX
fluorescence intensity. H Quantification of RADS1 foci numbers at the DNA. DNA
was stained with DAPI. Representative images are shown. Scale bars represent

10 pm. Data are expressed as mean + SEM. One-way ANOVA was used to analyze the
data. Values with asterisks differ significantly, #xp < 0.01, xxxp < 0.001,

wwkxp < 0.0001. The total number of analyzed oocytes (from three independent
replicates) is specified above each graph. Source data are provided as a Source
Data file.

this differential autophagic response to environmental stressors and
the failure to activate autophagy in response to DNA damage in full-
grown GV oocytes.

Similar to somatic cells, nongrowing and growing prophase I
oocytes (from prepubertal mice) can efficiently repair severe DNA
damage in apoptosis-inhibited mice by activating ATM, phosphor-
ylating histone H2AX, and translocating RAD51 to DNA-damaged
sites?. This contrasts with full-grown oocytes that can repair mild DNA
damage, but not moderate DNA damage (this study). Our data reveal
that although full-grown oocytes (from sexually mature mice) can
activate ATM and phosphorylate histone H2AX in response to mod-
erate DNA damage, they are inefficient in recruiting RADS1 to the DNA
and repairing DSBs, even after being arrested at the GV stage for 16 h.
It is interesting that oocytes can efficiently repair moderate DNA
damage at earlier developmental stage (nongrowing and growing), but
not at later stages (fully grown), suggestive of a growth-related decline
in DDR machinery. Indeed, nongrowing and growing oocytes are
characterized by decondensed euchromatin, whereas full-grown
oocytes are characterized by condensed heterochromatin”®""’, Ana-
lyzing the autophagy activity within the oocyte throughout its devel-
opment and growth may provide insights into the underlying
mechanisms behind the changes in chromatin structure associated
with oocyte growth and the decline in DDR in full-grown oocytes.

Aging-associated chromatin structure changes are more complex
than previously thought. First, these changes are not universal. For
example, in aged mice, a reduction in heterochromatin (closed chro-
matin) was observed in excitatory neurons, but not in inhibitory neu-
rons, heart, bone marrow or skeletal muscles'. Intriguingly, aging
correlates with an increased formation of localized heterochromatin at
specific genomic loci, known as heterochromatin redistribution
phenomenon'*, Given that DNA-damaged sites are random and
unpredictable, developing and optimizing techniques to assess chro-
matin structural changes specifically at age-associated DNA-damaged
sites is crucial to determine the involvement of chromatin structural
changes in the weakened DDR observed in maternally aged oocytes.

Although DNA damage is a fundamental problem for life and its
underlying mechanism has been thoroughly investigated in somatic
cells, its consequences on oocyte meiosis are still poorly understood.
Our data provide evidence that DSBs lead to aneuploidy in oocytes. We
reveal that inefficient autophagy activation contributes to weakened
DNA damage response in oocytes, particularly in those from females of
advanced reproductive age. We also show that autophagy induction
decreases DSBs and aneuploidy in maternally aged oocytes. This is
particularly important because female gametes, especially those from
women with advanced reproductive age, are notoriously prone to
increased aneuploidy. At least two major causes of aneuploidy in
maternally aged oocytes have been demonstrated: loss of centromere
cohesion and defective kinetochore-microtubule attachments'>>,
Although much work has aimed to improve oocyte quality of women
with maternally advanced age, success has been limited, suggesting
the involvement of additional unknown contributing factors. Our data
shed new light on autophagy deficiency as another contributing factor
to increased aneuploidy in mammalian oocytes, including those from
females with advanced maternal age.

Methods

Ethics

All experiments were performed and complies with all relevant ethical
regulations in accordance with the Animal Care and Use guidelines of
the University of Missouri (Animal Care Quality Assurance Reference
Number, 39341).

Mouse strains

Sexually mature CF1 female mice (Mus musculus, Envigo, Indianapolis,
IN, USA) and Atg5flox/flox Gdf9-Cre female mice were used in this
study. Mice lacking ATGS specifically in oocytes were generated by
crossing Atg5 floxed allele mice® (B6.129s-Atg5<tmIMvob,
RBRCO02975, RIKEN BioResource Research Center, Japan) with Gdf9-
Cre (Tg(Gdf9-icre)5092Co0/J, Jackson Laboratories)?. Control wild-
type (WT) mice are from the same genetic background but lack the Cre
recombinase transgene. Mice were housed at 21 °C and 55% humidity in
12 h/12 h light/dark cycle and ad libitum access to food and water.
Unless otherwise specified, oocytes were collected from 6-8-week-old
mice. Aged oocytes were collected from 12 to 14-month-old mice.

Oocyte collection and in vitro maturation

Fully grown, GV-intact oocytes were collected from CF1 mice pre-
viously primed (44-48 h before collection) with pregnant mare serum
gonadotropin (PMSG, Lee BioSolutions, Maryland Heights, MO, USA
#493-10-10), as previously described” . The COCs were denuded
mechanically by pipetting and cultured in bicarbonate-free minimal
essential medium (MEM) supplemented with 3 mg/ml poly-
vinylpyrrolidone (PVP) and 25 mM HEPES (pH 7.3) under mineral oil
(MilliporeSigma, St. Louis, MO, USA #P2307, #H3784 and #M8410).
The GV oocytes were then transferred to Chatot, Ziomek, and Bavister
(CZB) medium and cultured at 37°C with 5% CO, in humidified air for
either 3 (arrested at GV stage), 7 (metaphase I), or 16 h (metaphase II).

Porcine ovaries were collected from a local slaughterhouse
and transported to the University of Missouri within 2 h. The COCs
were aspirated from 3-8 mm follicles by using an 18-gauge needle
attached to a 10 mL syringe. Oocytes with homogenous cytoplasm
and surrounded by more than 3 layers of cumulus cells were
selected. The COCs were cultured in milrinone-containing chemi-
cally defined maturation medium, TCM 199 (Invitrogen, Grand
Island, NY), supplemented with 10% bovine calf serum, 1mML-
glutamine, 0.2 mM sodium pyruvate, 20 pg/mL follicle stimulating
hormone [FSH; Folltropin-V, Vetoquinol, TX, USA], 2 pug/mL -
estradiol and 10 pg/mL gentamycin at 38.5°C and 5% CO, in
humidified air. After culture, cumulus cells were removed by vor-
texing for 3 min in the presence of 0.1% hyaluronidase.

To prevent meiotic resumption, milrinone, a phosphor dies-
terase inhibitor, was added to the medium (2.5 pM, MilliporeSigma
#M4659)"°. Etoposide (MilliporeSigma #E1383), rapamycin (Milli-
poreSigma #553211), MG-132 (MilliporeSigma #474790), spautin-1
(Selleckchem, Houston, TX, USA #S7888), niraparib (Selleckchem
#57625), nocodazole (MilliporeSigma #M1404), monastrol (Milli-
poreSigma #M8515), garcinol (Santa Cruz Biotechnology, Dallas,
TX, USA #78824-30-3) and trichostatin A (Selleckchem #S1045)
were dissolved in DMSO and added to CZB culture medium at a
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final concentration of 50 ug/ml, 100 nM, 10 uM, 20 uM, 10 uM, 5uM,  Immunocytochemistry and confocal microscopy

100 uM, 10 uM and 500 nM, respectively. DMSO was added to CZB  Oocytes were fixed for 20 min at room temperature in a freshly pre-
culture medium as a vehicle control at 0.05% concentration. SiR-  pared 2% paraformaldehyde solution (MilliporeSigma #P6148) dis-
DNA was added to the maturation medium at a final concentration solved in phosphate buffer saline (PBS). After fixation, oocytes were
of 500nM to label the DNA during time-lapse confocal live permeabilized using 0.1% Triton X-100 in PBS solution for 20 min.
imaging. Oocytes were then incubated in blocking solution (PBS containing
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Fig. 7 | Autophagy induction rescues the consequences of DNA damage in
mouse oocytes. A Full-grown germinal vesicle (GV) oocytes were incubated with
the indicated treatments for 3 h in milrinone-containing CZB medium followed by
washing and in vitro maturation for 7 h (metaphase I) in milrinone-free CZB med-
ium. Metaphase I oocytes were fixed and immunostained with CREST antibody to
label kinetochores and stained with DAPI to label DNA. Representative images are
shown. B Quantification of abnormal chromosome condensation phenotype in A.
C Quantification of chromosome fragmentation phenotype in (A). D Full-grown GV
oocytes were incubated with the indicated treatments for 3 h in milrinone-
containing CZB medium followed by washing and in vitro maturation for 14 h

(metaphase I1). Oocytes were treated with monastrol for 2 h, fixed and immunos-
tained with CREST antibody to label kinetochores. Oocytes were scored either as
euploid (containing 40 kinetochores) or aneuploid (containing + 40 kinetochores).
Representative images are shown. E Quantification of aneuploidy percentage in D.
Scale bars represent 10 um. DNA was stained with DAPI. Data are expressed as
mean = SEM. Each dot in the plot graph represents the average of an experimental
replicate. One-way ANOVA was used to analyze the data. Values with asterisks differ
significantly, xp <0.01, x#xp < 0.001, sxp < 0.0001. The total number of analyzed
oocytes (from three independent replicates) is specified above each graph. Source
data are provided as a Source Data file.
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altered chromatin conformation, reduced localization of DNA damage repair fac-
tors to the DNA and an increased incidence of aneuploidy. Created in BioRender.
Londono, A. (2023) BioRender.com/j60r980.

0.3% BSA and 0.01% Tween-20) for an additional 20 min. The oocytes
were then incubated in primary antibody for 1h at room temperature
prior to 3 successive washes in blocking solution (8 min each). Oocytes
were then incubated in secondary antibody for another 1h at room
temperature followed by washing in blocking solution (3 times, 8 min
each). The oocytes were mounted on slides using Vectashield con-
taining 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI; Vector
Laboratories, Burlingame, CA, USA) to label the DNA, under a coverslip
with gentle compression. Omission of primary antibodies and the use
of isotype-specific immunoglobulins served as negative controls.
Fluorescence signals were observed under a 63x oil objective using
Leica Stellaris 5 confocal microscope. Oocytes were captured using 1, 3
or 5pum Z-intervals.

All oocytes in the same experiment were imaged and processed
simultaneously. The laser power for imaging all groups was adjusted to
a level where the signal intensity is just below the saturation point in
the group showing the highest fluorescence intensity. Fluorescence
intensity was quantified using NIH Image ] software (National Institute
of Health, Bethesda, MD, USA) with same processing parameters.

Antibodies: The following primary antibodies were used: con-
jugated a-tubulin-AlexaFluor 488 (Life Technologies #322588), CREST
autoimmune serum (Antibodies Incorporated, Davis, CA, USA #15-
234), anti-RADS51 (MilliporeSigma, St. Louis, MO, USA #ABE257), anti-p-

ATM (Santa Cruz Biotechnology, Dallas, TX, USA #sc47739), anti-
YH2AX (Abcam, Boston, MA, USA #abl11174), anti-a-Tubulin antibody
(MilliporeSigma # T6074), anti-LC3A/B antibody (Cell Signaling
#4148), anti-yH2AX (MilliporeSigma #05-636), anti-Ku80 (NSJ Bior-
eagents, San Diego, CA, USA #R31953), anti-Acetyl-Histone H3 K9/14
(Cell Signaling #9677), anti-Histone H3K27me3 (Active Motif, Carls-
bad, CA, USA #39155). The CPD assay was carried out using the Oxi-
Select Cellular UV-Induced DNA Damage CPD Staining Kit (Cell Biolabs
# STA-327, San Diego, CA, USA).

Time-lapse confocal microscopy

Oocytes were transferred to milrinone-free CZB medium. Brightfield
and SiR-DNA image acquisition was started following NEBD using
Leica Stellaris 5 confocal microscope equipped with a microenviron-
mental chamber to maintain the oocytes at controlled CO, (5%) and
temperature (37 °C) in a humidified air. Images of single oocytes were
captured at 5um Z-intervals every 40 min. Images were processed
using NIH Image ] software.

In situ chromosome counting

Metaphase Il stage oocytes (14 h) were transferred to CZB medium
supplemented with 100 puM monastrol, a cell-permeable EgS5 kinesin
inhibitor to induce monopolar spindle formation with subsequent
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chromosome dispersion, for additional 2 h™'"*3, Oocytes were then
fixed in a freshly prepared 2% paraformaldehyde solution followed
by immunostaining using CREST autoimmune serum antibody (to
label kinetochores). Oocytes were imaged under a 63x oil objective
using Leica Stellaris 5 confocal microscope at 0.7-um Z-intervals to
capture all kinetochores. The total number of kinetochores were
acquired after analyzing all confocal sections using NIH Image J
software.

Chromatin extraction

Cells (400 oocytes) were cross-linked by a final concentration of 1%
formaldehyde solution for 10 min on a rocking platform (50-100 rpm)
and terminated by 0.125 M glycine. Chromatin extraction was carried
out using the Chromatin Extraction Kit (Abcam #abl17152, USA). To
enhance chromatin extraction, the cells were sonicated twice (20s
each). The sample was allowed to cool on ice for 30 s between soni-
cation pulses. Anti-RAD51 (Abcam #abl176458) and Anti-Histone H3
(Abcam #ab1791) antibodies were used for western blot analysis.

Western blotting
Oocytes or granulosa cells (after COC denudation) were lysed in 1%
SDS, 1% pB-mercaptoethanol, 20% glycerol and 50 mM Tris-HCI (pH
6.8). Lysed oocytes were heated at 95 °C for 10 min. Proteins were then
separated by electrophoresis using SDS-PAGE (10% SDS poly-
acrylamide precast gel) and transferred to nitrocellulose membranes
using Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA).
Membranes were blocked in 2% skim milk in Tris-buffered saline with
0.1% Tween 20 (TBS-T) for 1h at room temperature and incubated
overnight at 4 °C with primary antibodies diluted in a blocking solu-
tion. After washing in TBS-T (3 times for 10 min each), the membranes
were incubated in secondary antibodies (anti-Rabbit IgG-HRP, Ther-
moFisher Scientific, Waltham, MA, USA #A16104 and anti-mouse IgG-
HRP, Bio-Rad #1706516) diluted in blocking solution for 1h at room
temperature followed by 3 times washing in TBS-T solution. Protein
signals were detected using the Clarity Max Western ECL Substrate
(Bio-Rad #1705062S) following the manufacturer’s protocol. NIH
Image J software was used to do protein quantification.

Antibodies: anti-PARP1 (Cell Signaling #9532), anti-yH2AX (Abcam
#abl1174), anti-a-tubulin antibody (MilliporeSigma #T6074) and
LC3A/B antibody (Cell Signaling #4148).

Detection of autophagic activity

Autophagy was assessed using Cyto-ID autophagy detection kit (Enzo
Life Sciences, Farmingdale, NY, USA #ENZ-51031) following the man-
ufacturer’s protocol with some modifications. Briefly, oocytes were
incubated with the reaction mix (1 puL in 500 pL CZB medium) at 37°C
with 5% CO, in humidified air for 15 min. DNA was stained by adding
Hoechst 33342 (25 pg/mL) to the same medium for an additional 5-
7min. Oocytes were then rinsed in PVP-PBS before imaging live
oocytes using Leica DMIS8 fluorescence microscope. The images were
analyzed using NIH Image ] software.

Detection of intracellular caspase 3 activity

Caspase 3 (DEVD)2 detection kit assay (Immunochemistry Technolo-
gies, Bloomington, MN, USA #935) was used to detect caspase 3
activity following the manufacturer’s protocol. Metaphase | oocytes
were incubated with the reaction mix (1pl of DMSO-diluted stock
solution in 250 pl CZB culture medium) for 30 min in a humidified
atmosphere of 5% CO, at 37 °C. The omission of caspase 3 substrate
served as a negative control. Stained oocytes were washed in PVP-PBS
before imaging using Leica DMI8 fluorescence microscope. Images
within the same experiment were captured and analyzed under the
same parameters using NIH image ] software.

Alkaline comet assay/ DNase sensitivity assay

Full-grown GV oocytes were permeabilized in 0.1% Triton X-100 in PBS
for 10 min followed by transfer to 50 ul (5 Units) DNase I enzyme
(ThermoFisher Scientific #18047019) or DNase I reaction buffer (non-
DNase-treated). The LMAgarose (Trevigen, Gaithersburg, MD, USA
#4250-050-02) was preheated in a tube in boiling water for 30 min
before cooling down to 37 °C. Oocytes treated with or without DNase |
were mixed with LMAgarose on comet assay slides (Trevigen #4250-
050-03). The slides were incubated at 4°C in the dark with high
humidity for 30 min followed by incubation in lysis solution (Trevigen
#4250-050-01) overnight at 4 °C. The slides were then immersed in a
freshly prepared alkaline unwinding solution (pH>13, 200 mM NaOH,
1mM EDTA in dH,0) for 1h at 4 °C in the dark prior to submerging in
4 °C alkaline electrophoresis solution (pH >13, 200 mM NaOH, 1 mM
EDTA in dH,0). Electrophoresis was run at 21V for 30 min using the
Comet Assay ES unit. The slides were then immersed twice in dH,O for
5min each followed by another wash in 70% ethanol for 5 min. Slides
were dried at 37 °C for 15min. SYBR-Gold (ThermoFisher Scientific,
#S11494) was placed on dried agarose for 30 min at room temperature
before complete drying at 37 °C. Samples were imaged using Leica
DMIS fluorescence microscope. Tail moment was calculated based on
the following equation: tail moment=tail length x (fluorescence
intensity of the DNA in the tail part /total fluorescence intensity of the
DNA in both the head and tail). The images were analyzed using NIH
Image ] software.

Quantification and statistical analysis

One-way ANOVA, Two-tailed Student t-test and chi-square contingency
test were used for the evaluation of experimental statistical sig-
nificance using GraphPad Prism software (GraphPad v9, San Diego, CA,
USA). ANOVA was followed by the Tukey post hoc test. Each experi-
ment was replicated at least three times except Fig. 4F and Supple-
mentary Fig. 2D, E (two replicates). The data were expressed as
means + SEM. p-value less than 0.05 was considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

No sequence or proteomic data has been generated in this study. All
the data can be found in either the main text or the supplementary
materials. Source data are provided with this paper. All raw image data
are available from the corresponding author upon request. Source
data are provided with this paper.
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