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Abstract

Background Cyclophosphamide (CTX) often induces oocyte and granulosa cell injury, leading to fertility loss in
young female cancer survivors. Deciphering the mechanisms underlying follicular cell injury could offer novel insights
into fertility preservation. Granulosa cells represent the most abundant cell type within the follicles and can be
generally categorized as cumulus granulosa cells (CGCs) and mural granulosa cells (MGCs). Despite the essential roles
of granulosa cells in supporting ovarian function in physiological conditions, their distinct lineage-specific responses
to CTX remains elusive.

Results Here, we performed a genome-wide transcriptome analysis of murine mural and cumulus granulosa cells
before and after CTX administration. Compared with MGCs, CGCs exhibited higher basal mammalian target of
rapamycin (mTOR) activity and an increased DNA damage response post-injury. Pharmacological mTOR suppression
or RNA interference-mediated gene silencing of Raptor, a key component of the mTORC1 complex, significantly
reduced DNA damage in granulosa cells induced by 4-HC, an activated form of CTX. Notably, by examining human
granulosa cells in response to 4-HC, our results uncovered a conserved role of mTOR inhibition in ovarian protection.

Conclusions Taken together, our findings reveal that intrinsic variations in mTOR activity in CGC and MGC lineages
determine their differential responses to CTX. Targeting this signaling pathway may prove beneficial in mitigating
CTX-induced granulosa cell apoptosis and protecting against ovarian injury.

Keywords Granulosa cells, Apoptosis, DNA damage response, mTOR signaling pathway, Cyclophosphamide

*Correspondence: 3Zhejiang Provincial Key Laboratory of Genetic & Developmental
Songying Zhang Disorders, Hangzhou, Zhejiang, China

zhangsongying@zju.edu.cn “Assisted Reproduction Unit, Department of Obstetrics and Gynecology,
Peidong Han Sir Run Run Shaw Hospital, Zhejiang University School of Medicine,
hanpd@zju.edu.cn Hangzhou, China

'Department of Cardiology, Center for Genetic Medicine, the Fourth Zhejiang Key Laboratory of Precise Protection and Promotion of Fertility,
Affiliated Hospital, Zhejiang University School of Medicine, Yiwu, China Hangzhou, China

Znstitute of Genetics, Zhejiang University International School of
Medicine, Hangzhou, Zhejiang, China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, 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 you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. 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:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13048-025-01627-0&domain=pdf&date_stamp=2025-3-8

Xu et al. Journal of Ovarian Research (2025) 18:49

Introduction

The advancement in the diagnosis and treatment of
malignant tumors, particularly chemotherapy, has sig-
nificantly elevated the survival rates among young cancer
patients [1, 2]. Cyclophosphamide (CTX), an alkylating
anticancer drug, is commonly used in the treatment of
various malignant tumors [3]. However, its use is asso-
ciated with the potential for ovarian damage, posing a
significant threat to fertility in young female cancer sur-
vivors [4, 5]. A growing body of evidence demonstrates
that, during ovarian injury, primordial and growing fol-
licles are adversely affected through diverse mechanisms
[6-8]. Specifically, CTX promotes excessive activation
and direct loss of primordial follicles, diminishing ovar-
ian reserves and leading to long-term premature ovarian
insufficiency [9-14]. In contrast, in the case of mature
follicles, CTX promotes DNA double strand breaks and
the apoptosis of oocytes and their surrounding granu-
losa cells, resulting in irreversible ovarian damage [6, 12].
Thus, preventing CTX-induced ovarian injury is crucial
to mitigate the gonadotoxic effects.

The oocytes and the surrounding granulosa cells collec-
tively form the majority of the cell mass within follicles of
mice. Granulosa cells are stratified cubic epithelial cells
that are essential for folliculogenesis and maintaining a
normal menstrual cycle under physiological conditions
[15, 16]. Instead of constituting a homogenous popula-
tion, these cells exhibit spatial and functional heteroge-
neity [17]. Throughout follicle development, preantral
granulosa precursor cells gradually differentiate into two
sub-populations: mural cells lining the follicle wall and
cumulus cells residing in close proximity to the oocytes
[18]. These two groups of cells display unique gene
expression profiles [16] and perform specialized func-
tions, including contributing to steroidogenesis (mural
cells) and promoting oocyte maturation via paracrine
factors (cumulus cells) [19].

Given the important roles played by granulosa cells
in maintaining proper ovarian function, stress-induced
apoptosis in these cells often leads to follicle atresia and
fertility dysfunction. During in vitro fertilization (IVF),
granulosa cell apoptosis correlates with a low propor-
tion of healthy follicles, a poor pregnancy rate, and a
decreased live birth rate [20]. Likewise, the administra-
tion of CTX induces substantial granulosa cell apoptosis
and temporary amenorrhea [12, 21]. Interestingly, the
patterns of granulosa cell apoptosis occur in a context-
dependent manner. For instance, previous studies have
demonstrated that apoptosis initiates from inner mural
granulosa cells during programed follicle atresia [20, 22].
In contrast, human preovulatory follicles show an enrich-
ment of antiapoptotic proteins in mural cells [23]. These
observations underscore the importance of the intrinsic
characteristics of mural and cumulus cells in determining
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their distinct responses to stress signals. While granulosa
cell injury has been implicated in chemotherapy-induced
ovarian damage, our current understanding of the poten-
tially distinct roles played by mural and cumulus cells in
this process remains limited. Consequently, a compre-
hensive understanding of the molecular mechanisms
underlying ovarian injury is crucial for developing effec-
tive therapeutic strategies.

To determine intrinsic differences in gene expression
profiles between MGCs and CGCs, as well as their dis-
tinct responses to CTX, we applied transcriptome anal-
ysis on purified MGCs and CGCs collected from mice
before and after CTX treatment. Before CTX admin-
istration, we found an enrichment in genes associated
with the mTOR signaling pathway in CGCs compared to
MGC:s. Intriguingly, our results revealed that DNA dam-
age response-related genes were specifically enriched
in CGCs, but not in MGCs, following CTX treatment.
Pharmacological inhibition of mTOR using RADO001
or genetic knockdown of Raptor significantly reduced
DNA damage and ameliorated CTX-induced cell death
in CGCs. Notably, this molecular mechanism uncovered
in animal model was conserved in human granulosa cells.
Overall, our findings provide compelling evidence that
CGCs are predisposed to DNA damage and cell injury
through endogenous mTOR activity. Targeting this sig-
naling pathway may offer a promising strategy for pre-
serving fertility in young female cancer patients.

Materials and methods

Animals

ICR female mice (7-8 weeks old, 25 g) were obtained
from Beijing Vital River Laboratory Animal Technology.
Animals were housed under standard laboratory condi-
tions in an environmentally controlled room and treated
in accordance with the Animal Research Committee
guidelines of Zhejiang University. To induce chemothera-
peutic injury in ovaries, mice were treated with a single
injection of CTX (150 mg/kg) (Endoxan, Baxter Oncol-
ogy GmbH) [24-26], after 24 h, ovaries were collected
and subjected to further analysis. To investigate the effect
of mTOR signaling pathway inhibition on CTX-induced
granulosa cell injury, mice were subjected to daily intra-
peritoneal injection of RADO001 (2.5 mg/kg, Selleck,
S1120) for a week as reported previously [21, 27, 28],
then were treated with CTX as described above.

Antibodies

The primary antibodies used in this study include: anti-
Phospho-Histone H2A.X (Ser139) (9718 S; 1:500 (IF);
1:1000 (WB)), anti-Cleaved Caspase-3 (Aspl75) (9661 S;
1:500 (IF); 1:1000 (WB)), anti-Phospho-S6 Ribosomal
Protein (Ser235/236) (2211 S; 1:800 (IF); 1:1000 (WB)),
anti-Raptor (2280; 1:1000 (WB)) that were obtained from
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Cell Signaling Technology. Anti-FOXL2 (ab5096; 1:200
(IF)) antibody was purchased from Abcam. Anti-Chk2
(BS4043; 1:100 (IHC)) antibody was obtained from Bio-
worlde. Anti-GAPDH (AC033; 1:5000 (WB)), anti-fB-actin
(ACO038; 1:5000 (WB)) were obtained from ABclonal.
Anti-Beta Tubulin (10094-1-AP; 1:1000 (WB)) was pur-
chased from Proteintech. The following secondary anti-
bodies were used: Donkey anti-Goat 488 (34316ES60;
1:200; Yeasen), Goat anti-Rabbit 555 (A21428; 1:800;
Invitrogen), Goat anti-Rabbit HRP (31430; 1:5000; Invit-
rogen), Goat anti-Mouse HRP (31460; Invitrogen).

Human samples

Patients with fallopian tubal sterility were recruited from
in vitro fertilization (IVF) laboratories at the Sir Run
Run Shaw Hospital, Hangzhou, Zhejiang, China. The
age of the patients was 28.9+4.61 years, and the ovarian
stimulation protocol was ultra long GnRH agonist. All
recruited patients signed informed consent forms, and
all experimental procedures were approved by Sir Run
Run Shaw Hospital Ethics Committee (20210319-32).
Cumulus cells and mural cells were aspirated from the
patients during oocyte retrieval. CGCs were mechani-
cally isolated by cutting the cumulus layer of each lead-
ing oocyte and washed twice with phosphate-buffered
saline (PBS). The mural cells presented as clumps under
a stereoscope were removed with a glass pipet and iso-
lated from follicular fluid by density gradient centrifuga-
tion using percoll (P8370, Solarbio). Cells were cultured
in DMEM/F12 medium (Meilun) with 10% Fetal Bovine
Serum (FBS, Vistech) and 1% (v/v) penicillin and strepto-
mycin (Meilunbio).

Isolation of mural and cumulus granulosa cells

Mural and cumulus granulosa cells were separated and
collected as described previously [29, 30]. Briefly, ICR
mice were given a single intraperitoneal injection of 5 IU
pregnant mare serum gonadotrophin (PMSG, Ningbo
Sansheng Pharmaceutical), after 24 h, chemotherapeu-
tic injury was induced in CTX group and control group
was treated with PBS. Another 24 h after administration
of CTX, ovaries from multiple mice were collected and
washed in PBS. Multiple fully grown follicles were dis-
sociated using 29G needles. The cumulus granulosa cells
were collected following microsurgical oocytectomy. The
mural granulosa cells characterized as clumps under ste-
reomicroscope were separated with glass pipet.

Collection and culture of primary granulosa cells

As described previously, ICR mice was superovulated by
5 IU PMSG for 44 h and ovaries was harvested into PBS
for collecting granulosa cells [31]. Isolated granulosa cells
were cultured in DMEM/F12 medium (Meilun) with 10%
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FBS (Vistech) and 1% (v/v) penicillin and streptomycin
(Meilunbio).

Small molecule treatment

RADOO01 was purchased from Selleck (S1120) and mixed
with DMSO (D2650, Sigma), which was further diluted
with PBS to obtain 10 uM stock solution. A same amount
of DMSO diluted with PBS was used as control. Subse-
quently, RAD001 stock solution or control solution was
further diluted with DMEM/F12 medium (Meilun) with
10% FBS (Vistech). For in vitro experiments, human or
mouse MGCs and CGCs were treated with PBS (control),
or 100 nM RADO0O1 for 24 h. Subsequently, cells were
exposed to 3 pM 4-HC (Santa, sc-206885 A) for another
24 h before collected for further analysis.

Histology and Immunofluorescence

Ovaries were fixed in 4% paraformaldehyde overnight
and equilibrated through 15% and then 30% sucrose
in PBS solution, before embedded and frozen in O.C.T.
compound (Sakura). 7 um cryosections were prepared on
a cryostat. Cells or tissue sections were incubated in PBS
solution containing 5% bovine serum albumin (BSA) and
0.3% Triton X-100 for 1 h at room temperature. Samples
were then incubated overnight with primary antibodies
at 4°C, followed by incubation for 1 h with correspond-
ing secondary antibodies at room temperature. Nuclei
were stained with DAPIL Apoptosis in mouse ovaries
were determined using terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling (TUNEL) with
an in situ cell death detection kit (Yeasen) according to
the manufacturer’s instructions. Fluorescent images were
obtained using a Nikon C2 confocal microscope and ana-
lyzed with Image] software.

RNA interference-mediated gene Silencing

The si-Raptor and negative control siRNAs were synthe-
sized by Genepharma Company (Shanghai, China). All
siRNA transfections were performed with Lipofectamine
RNAIMAX Transfection Reagent (Invitrogen) at 30 pM
final concentration according to the manufacturer’s pro-
tocol. The si-Raptor sequences was 5'- CUCCCUCAUA
GGAGUUUCUTT-3’; and the negative control sequence
for si-Raptor was 5- AGAAACUCCUAUGAGGGAGT
T-3

Western blot analysis

Granulosa cells were homogenized in RIPA buffer (Bey-
otime) with protease inhibitors (Sangon Biotech) and
phosphatase inhibitors (Sangon Biotech). The protein
loading concentration was 10 ug for CGCs and MGCs,
and 30 ug for cultured primary granulosa cells. Proteins
were separated by SDS-polyacrylamide gel electropho-
resis and transferred to PVDF membranes. Next, the
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membranes were incubated in 5% BSA/TBST for 1 h at
room temperature, followed by incubation at 4 °C over-
night with primary antibodies diluted in 5% BSA/TBST.
After washing three times in TBST, the membranes were
incubated at room temperature for 1 h with horseradish
peroxidase conjugated secondary antibodies. After wash-
ing three times in TBST, the membranes were visual-
ized with chemiluminescence (Thermo Fisher Scientific).
Image] software was used to quantify the intensities of
the western blot bands.

Quantitative real-time PCR analysis

Total RNA was isolated using the RNeasy Plus Micro Kit
(74034, Qiagen) and 200 ng total RNA was used for the
reverse transcription transcription using PrimeScript
RT Master Mix (Takara). Quantitative real-time PCR
was performed using SYBR Green Master Mix (Takara)
in a CFX96 Real-time PCR detection system. The primer
sets used for quantitative real-time PCR analysis were
obtained from Primer Bank database (https://pga.mgh.
harvard.edu/primerbank/) and listed in Supplementary
Table 1. Melting curve analysis was performed at the end
of each run to ensure a single amplicon. The expression
of individual gene was normalized to the level of Gapdh,
then compared with the control group. Unpaired two-
tailed Student’s t-test and one-way ANOVA were used
to determine statistical significance between groups.
All samples were tested for normality before ANOVA.
*P<0.05; **P<0.01; ***P<0.001. No statistical method
was used to predetermine sample size.

RNA-seq library preparation and data analysis

Cumulus granulosa cells and mural granulosa cells were
collected as previously described [21]. Total RNA was
isolated using the RNeasy Plus Micro Kit (74034, Qia-
gen) according to the manufacturer’s protocol. The total
amount of RNA extracted was 200 ng. Purified cDNA
from previous steps was fragmented into small pieces
with fragment buffer by PCR, and the product was
purified and selected by the Agencourt AMPure XP-
Medium kit (Thermo Fisher Scientific, USA). The double
stranded PCR product undergo QC step was heat dena-
tured and circularized by the splint oligo sequence. The
single strand circle DNA (ssCir DNA) was formatted
as the final library. The final library was amplified with
phi29 (Thermo Fisher Scientific) to make DNA nanoball
(DNB) which had more than 300 copies of one molecular,
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DNBs were loaded into the patterned nanoarray and
single end 50 bases reads were generated on BGISEQ500
platform(BGI-Shenzhen, China). All analysis was per-
formed using the PossionDis with False Dicovery Rate
(FDR)<0.05 and|Log2Ratio| >1. To take insight to the
change of phenotype, GO and KEGG enrichment analy-
sis of annotated different expressed gene was performed
by Phyper based on Hypergeometric test. The significant
levels of terms and pathways were corrected by Q value
with a rigorous threshold (Q value <0.05) by Bonferroni.
Two independent experiments were repeated for each

group.

Image processing statistical analysis

All images were obtained under the same parameters and
processed using Nikon NIS elements software or Image].
Statistical analysis was performed using GraphPad Prism
software version 8.0 (GraphPad Software, Inc).

Statistical analysis

Data are presented as mean +s.e.m. Unpaired two-tailed
Student’s t-test and one-way ANOVA were used to deter-
mine statistical significance between groups. All sam-
ples were tested for normality before ANOVA. *P<0.05;
**P<0.01; ***P<0.001. No statistical method was used to
predetermine sample size.

Results

Lineage-specific responses of granulosa cells to
chemotherapeutic injury

To examine the responses of granulosa cells to genotoxic
chemotherapy, we used a CTX-induced ovary injury
animal model, as previously reported [24, 25, 32, 33].
Twenty-four hours after intraperitoneal CTX injection
(150 mg/kg), mouse ovaries were collected for further
examination. Initial immunostaining of Cleaved Cas-
pase3 with Foxl2 (granulosa cell marker) revealed a sig-
nificantly higher signal of Cleaved Caspase3 after CTX
treatment (Fig. 1a, b). Interestingly, Cleaved Caspase3™
foci were not uniformly distributed across the entire
ovary but were concentrated in the vicinity of the oocyte.
Quantitative analysis confirmed an inverse correlation
between the proportion of Cleaved Caspase3* granu-
losa cells and the distance to the oocyte (Fig. 1b, right).
Immunohistochemistry analysis further validated the
enrichment of Cleaved Caspase3 signals surrounding the
oocyte (Fig. 1c). In addition, TUNEL staining, capable
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Fig. 1 Cumulus granulosa cells are more susceptible to chemotherapeutic injury. (a) Representative immunostaining images of Cleaved Caspase3
(green) and FoxI2 (granulosa cell marker, red) on antral follicles from mice subjected to PBS (control) or 150 mg/kg CTX treatment. The middle of the
dashed circles represents the oocyte; the radius of the inner and outer circles are 75 pm and 150 um, respectively. (b) Quantitative analysis shows the
immunofluorescence intensity of Cleaved Caspase3 (left) and the inverse correlation between the proportion of Cleaved Caspase3 positive cells and
their distance to the oocyte (right). (c) Immunohistochemistry analysis of Cleaved Caspase3. Square box: follicle; Arrows: cumulus-cell-oocyte complex;
Asterisks: mural granulosa cells. (d) TUNEL staining (green) shows cells undergoing apoptosis, nuclei are stained with DAPI. The radius of the inner and
outer circles are 75 um and 150 um, respectively. Square box: follicle. (e) Quantitative analysis shows the intensity of TUNEL staining (top) and the inverse
correlation between the proportion of TUNEL positive cells and their distance to the oocyte (bottom). (f) Quantitative real-time PCR analysis shows the
expression levels of fas, Tnf-a, Tnfsf10 and Cd40 in MGCs and CGCs. (g) The expression levels of Bag3, Traf2, and Cflar in MGCs and CGCs. N=3-6 mice per
group. Scale bar, 100 um. All data are shown as mean =+ s.e.m. ns, not significant; *P < 0.05, **P<0.01 and ***P<0.001
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of detecting late-stage apoptotic cells undergoing exten-
sive DNA degradation, displayed increased fluorescence
intensity and a similar allocation pattern in CTX-treated
follicles (Fig. 1d, e).

Considering that apoptotic cells are more likely to
appear where CGCs reside, we hypothesized that CGCs
undergo more severe injury after CTX treatment com-
pared to MGCs. To validate this hypothesis, CGCs and
MGCs were isolated and purified using a previously
published protocol [34]. The identity of the cells was
confirmed by expression analysis of the genes Amh and
Lhcgr, recognized markers for CGCs and MGCs, respec-
tively (Supplementary Fig. 1a). In agreement with results
from immunostaining assays, qPCR analysis revealed
increased expression levels of genes such as Fas, Tnf-a,
Tnfsf10 and cd40 in CGCs compared to MGCs (Fig. 1f),
suggesting an enhanced apoptotic index in CGCs. In sup-
port of this observation, the anti-apoptosis markers Bag3,
Traf2 and Clfar were decreased in CGCs (Fig. 1g). Alto-
gether, these results indicate CGCs are more susceptible
to CTX-induced injury compared to MGCs.

CGCs and MGCs exhibit distinct mTOR activity under basal
physiological conditions

To determine whether the distinct responses to geno-
toxic chemotherapy in CGCs and MGCs result from
their unique gene expression profiles, we performed
RNA-seq on purified CGCs and MGCs collected from
wild-type mouse ovaries. Transcriptome analysis identi-
fied 413 down-regulated and 371 up-regulated genes in
CGCs compared to MGCs (Fig. 2a). In addition, KEGG
pathway analysis showed that genes with significantly
higher expression levels in CGCs were enriched in Rapl,
GnRH signaling pathway, Ras, Thyroid hormone, and
PI3K-Akt signaling pathways (Fig. 2b). In particular,
the PI3K-Akt signaling pathway contained the highest
number of candidate genes, in agreement with a previ-
ous study showing the essential role of the PI3K-Akt-
mTOR axis in chemotherapy-induced ovarian injury [9,
10]. Gene set enrichment analysis unveiled increased
expression levels of several mTOR signaling components,
including Map2k1, Wdr59, Lrp5, Lrp6, Slc7a5, and Igflr,
in CGCs (Fig. 2c). qRT-PCR results further confirmed
these findings (Fig. 2d). Because ribosomal S6 (Rps6) is
a key downstream signaling mediator for mTOR activity,
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we examined its mRNA abundance and found higher
expression levels in CGCs (Fig. 2d). Similarly, immuno-
fluorescence results showed markedly stronger staining
of phosphorylated (p-Rps6) in CGCs compared to neigh-
boring MGCs (67.4% vs. 33.6%, P<0.01) (Fig. 2e, f). In
support of these findings, western blot analysis detected
greater levels of p-Rps6 in CGCs (Fig. 2g, h). Overall,
our findings indicate that CGCs exhibit elevated mTOR
activity compared to MGCs under basal physiological
conditions.

Distinct DNA damage responses of CGCs and MGCs
underlie ovarian injury

To investigate the underlying mechanisms behind the
observed differential apoptosis rate observed in CGCs
and MGCs during ovarian injury, we performed RNA-seq
on purified granulosa cells collected from CTX treated
mouse ovaries. In total, we identified 683 down-regu-
lated and 1788 up-regulated genes in CGCs compared to
MGC:s (Fig. 3a). KEGG analysis showed the enrichment
of pathways related to DNA damage response, includ-
ing fanconi anemia, mismatch repair, p53 signaling,
non-homologous end-joining, and base excision repair
pathways (Fig. 3b). Using y-H2A.X and Phospho-Chk2
as markers for DNA damage, we observed a higher pro-
portion of positively stained CGCs compared to MGCs
(Fig. 3c-f). Western blot analysis also detected increased
y-H2A X in purified CGCs (Fig. 3g).

Pharmacological inhibition of the mTOR signaling pathway
ameliorates damage of granulosa cells

The mTOR signaling pathway has been previously recog-
nized for its potential to impair DNA damage response
[35]. Reasoning that higher mTOR activity in CGCs may
lead to enhanced apoptosis following CTX treatment, we
treated cultured mouse granulosa cells with the mTORC1
inhibitor everolimus (RADO001) to determine whether
mTOR suppression could elicit a protective effect against
CTX-induced injury. RADOO1 specifically blocks S6K1
activation and subsequent phosphorylation of Rpsé6.
After 24 h of treatment, both immunofluorescence and
western blot results showed a substantial decrease in
p-Rps6, indicating efficient inhibition of mTOR activity
(Fig. 4a, d, e). In addition, a significantly reduced pro-
portion of y-H2AX" granulosa cells was observed in the
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(See figure on previous page.)

Fig. 2 Differential gene expression profiles and mTOR activity in CGCs and MGCs. (a) Volcano plot shows gene expression changes between CGCs and
MGCs isolated from wild-type mice. Genes with a fold change > 1.5 or < 2/3 and an adjusted P value <0.05 were considered as significantly up-regulated
(red) or down-regulated (blue), respectively. N=45 mice. The experiment was independently performed twice. (b) KEGG pathway analysis of the enriched
pathways associated with differentially expressed genes in CGCs compared with MGCs from wild-type ovaries. (c) Heatmap shows the relative expression
of genes related to the mTOR pathway. (d) Quantitative real-time PCR analysis shows the relative mRNA levels of genes related to the mTOR pathway in
MGCs and CGCs. (e) Phosphorylated Rps6 (p-Rps6, yellow) and FoxI2 (green) immunostaining of follicles. (f) Quantification of the p-Rps6 positive cells in
MGCs and CGCs. N=9 sections from 3 independent experiments. (g) Protein expression levels of p-Rps6 in MGCs and CGCs. (h) Quantification of protein
expression of p-Rps6. Scale bar, 100 um. All data are shown as mean +s.e.m. Unpaired two-tailed Student’s t-test was used to determine statistical signifi-

cance between groups. **P<0.01, ***P <0.001

RADOO1 treated group (Fig. 4b, c, e), indicative of a lower
DNA damage rate.

Likewise, we determined the effects of inhibiting
mTOR in vivo. Compared to mice receiving CTX alone,
animals injected with RADO001 and CTX exhibited a dra-
matic decrease in p-Rps6 fluorescence intensity in granu-
losa cells (Fig. 4f, g). Furthermore, we observed a reduced
proportion of granulosa cells with y-H2AX™ staining,
which also displayed lower fluorescence intensity in
ovaries with mTOR inhibition (Fig. 4h, i). Collectively,
these results indicate that the inhibition of mTOR activ-
ity exerts a protective effect against DNA damage and
apoptosis.

Genetic knockdown of Raptor recapitulates the protection
effect of the mTOR inhibitor

To further substantiate that mTOR inhibition protects
against CTX-induced granulosa cell injury, we performed
RNA interference-mediated gene silencing in cultured
mouse granulosa cells to knock down Raptor, the key
component of the mTORC1 complex. Western blot con-
firmed the downregulation of Raptor in cells transfected
with siRNA compared to scramble siRNA (siNC) (Fig. 5a,
b). As expected, Raptor knockdown caused a substan-
tial downregulation of p-p70s6k and p-Rps6 (Fig. 5a, b),
indicating the inactivation of mTOR signaling. As CTX
requires hepatic metabolism to generate active metabo-
lites, our in vitro studies utilized one of its active metab-
olites, specifically 4-Hydroperoxy cyclophosphamide
(4-HC). After exposure to 4-HC, immunofluorescence
results further demonstrated reduced staining of p-Rps6
in Raptor siRNA-treated granulosa cells compared to
cells receiving scramble siRNA (Supplementary Fig. 2).
Consistently, the knockdown of Raptor resulted in dimin-
ished y-H2AX" granulosa cells after 4-HC exposure
(Fig. 5a-d), corroborating the protective effects of mTOR
inhibition.

Lineage-specific mTOR activity is conserved in human
granulosa cells

To assess the conservation of our findings in animal
models within the human context, we performed experi-
ments on human CGCs and MGCs isolated using a pre-
viously reported method [36]. The identity of these cells
were confirmed through gene expression analysis of
AMH and LHCGR (Supplementary Fig. 1b). By analyz-
ing genes associated with the mTOR signaling pathway,
we discovered elevated expression levels of MAP2KI,
WDRS59, LRPS, SLC7AS, and IGFI in CGCs compared
to MGCs (Fig. 6a). Immunostaining further indicated a
higher proportion of p-Rps6* CGCs compare to MGCs
(Fig. 6b), consistent with the previously obtained results
from mouse granulosa cells.

We next employed 4-HC treatment on human CGCs
and MGCs to explore the differential expression of DNA
damage-related genes. Quantitative real-time PCR analy-
sis showed higher expression levels of the genes TOP3A
and FAAP100 in CGCs (Fig. 6¢), suggesting the activation
of the fanconi anemia pathway. Similarly, we detected an
enhanced expression of SESN2 and THBS1 (Fig. 6¢), both
of which are P53 signaling pathway markers. These data
suggest that, during chemotherapeutic drug treatment,
human CGCs are more susceptible to DNA damage than
MGC:s. Consistently, a higher proportion of CGCs were
y-H2AX" (Fig. 6d). Taken together, our results suggest
that the differential mTOR activity and DNA damage
responses observed in MGCs and CGCs in animal mod-
els are conserved in human granulosa cell lineages.

mTOR Inhibition in human granulosa cells protects against
CTX-induced injury

To elucidate the role of mTOR inhibition in human gran-
ulosa cell injury, isolated MGCs and CGCs were exposed
to PBS (control) or RADO0O1 for 24 h. Subsequently, these
cells were treated with PBS or 4-HC for an additional
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Fig. 3 CGCs and MGCs exhibit distinct DNA damage responses during ovarian injury. (@) Volcano plot shows gene expression changes between CGCs
and MGCs isolated from CTX-treat