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Abstract

Background Primary ovarian insufficiency (POI) is an early decline in ovarian function that leads to ovarian failure.
Conventional treatments for POl are inadequate, and treatments based on mesenchymal stem cells (MSCs) have
emerged as an option. However, the lack of consideration of the estrogen niche in ovarian tissue significantly reduces
the therapeutic efficacy, with an unclear mechanism in the MSCs in POI treatment. Furthermore, the disruption of cir-
cadian rhythm associated with POl has not been previously addressed.

Methods Conditioned medium (CM) and estradiol-conditioned medium (E2-CM) were generated from estrogen
receptor positive MSCs (ER*pcMSCs). Chemotherapy-induced POl models were established using C57BL/6 mice (in
vivo) and KGN cells (in vitro) treated with cyclophosphamide (CTX) or 4-hydroperoxycyclophosphamide (4-OOH-
CP). Gene/protein expressions were detected using RT-gPCR, Western blotting, and immunohistochemistry assays.
Locomotor activity was monitored for behavioral circadian rhythmicity. Cytokine arrays and miRNA analysis were
conducted to analyze potential factors within CM/E2-CM.

Results The secretome of ER"pcMSCs (CM and E2-CM) significantly reduced the CTX-induced defects in ovarian fol-
liculogenesis and circadian rhythm. CM/E2-CM also reduced granulosa cell apoptosis and rescued angiogenesis in POI
ovarian tissues. E2-CM had a more favorable effect than the CM. Notably, ER"pcMSC secretome restored CTX-induced
circadian rhythm defects, including the gene expressions associated with the ovarian circadian clock (e.g., Rora, E4bp4,
Rev-erba, Per2 and Dbp) and locomotor activity. Additionally, the cytokine array analysis revealed a significant increase
in cytokines and growth factors associated with immunomodulation and angiogenesis, including angiogenin.
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Neutralizing the angiogenin in CM/E2-CM significantly reduced its ability to promote HUVEC tube formation in vitro.
Exosomal miRNA analysis revealed the miRNAs involved in targeting the genes associated with POl rescue (PTEN
and PDCDA4), apoptosis (caspase-3, BIM), estrogen synthesis (CYP19AT), ovarian clock regulation (E48P4, REV-ERBq)

and fibrosis (COLTAT).

Conclusion This study is the first to demonstrate that, in considering the estrogen niche in ovarian tissue, an estro-
gen-priming ER*pcMSC secretome achieved ovarian regeneration and restored the circadian rhythm in a CTX-
induced POl mouse model. The potential factors involved include angiogenin and exosomal miRNAs in the ER"pcMSC
secretome. These findings offer insights into potential stem cell therapies for chemotherapy-induced POl and circa-

dian rhythm disruption.

Keywords Placenta mesenchymal stem cell, Estrogen receptor, Primary ovarian insufficiency, Ovarian circadian
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Introduction

Primary ovarian insufficiency (POI), also referred to as
premature ovarian failure (POF), is characterized by
an irreversible decline in ovarian function and estro-
gen levels in women younger than 40 years [1]. The
prevalence is high and varies by ethnicity, and it causes
infertility in approximately 1% of women of reproduc-
tive age [1, 2]. The goals of POI treatment are to restore
hormonal balance and reproductive function. However,
the available treatment strategies for POI exhibit low
efficacy [2].

The typical manifestations of a decrease or loss of fol-
liculogenesis are an increase in follicle-stimulating hor-
mone (FSH) levels (to menopausal levels [>40 mIU/ml])
[3, 4]; hypoestrogenism [5, 6]; low anti-Miillerian hor-
mone (AMH) levels; irregular menstruation; and ulti-
mately, amenorrhea. POI is diagnosed on the basis of
depleted ovarian reserves at a young age [7, 8], and idi-
opathic POI is the most common etiology (80—90%). POI
is also caused by genetic and autoimmune diseases, radi-
ation, increased reactive oxygen species (ROS) levels, and
chemotherapy which can induce DNA damage leading to
increased follicle cell apoptosis and atresia, and impaired
folliculogenesis [4, 9]. After undergoing chemotherapy,
34% of women with initially normal ovarian function
developed POI [10].

Chemotherapy is a major contributor to POI develop-
ment. Chemotherapy-induced DNA damage, such as
DNA double-stranded breaks, can induce the apoptosis
of granulosa cells and oocytes in the ovaries [11]. These
effects occur through two mechanisms, namely phos-
phatidylinositol 3-kinase (PI3K) dependent primordial
follicle activation and tumor suppressor protein TP53—
dependent apoptosis [12]. Chemotherapeutic drugs acti-
vate the PI3K/Akt signaling pathway, causing continuous
activation of dormant primordial follicles [13] and failure
of the dormant follicle pool [11]. Chemotherapy-induced
ovarian damage may also involve vascular damage and
ovarian cortex fibrosis [14].

Cyclophosphamide (CTX) is widely used in cancer
treatment because its metabolite, phosphoramide mus-
tard, exhibits anticancer properties [15]. In the ovaries,
CTX metabolites cause crosslinking of oocyte DNA,
inhibiting their synthesis and function, and therefore,
CTX was used to induce POI in mouse models [16].
Although systemic hormone replacement therapy is the
treatment of choice for alleviating menopausal symptoms
in patients with POI, it exhibits unsatisfactory efficacy in
improving reproductive function. Moreover, long-term
replacement with exogenous hormones can increase the
risk of breast and endometrial cancer [5]. Other treat-
ment strategies include ovarian tissue transplantation
and oocyte donation. However, these strategies are not
widely accepted [17]. Oocyte freezing before chemother-
apy, which involves surgical oocyte pickup, was also pro-
posed as a strategy [18].

Estrogen was demonstrated to regulate the periph-
eral tissue clock and metabolic rhythm [19]. A decrease
in ovarian reserve is believed to be related to changes in
the ovarian circadian rhythm [20]. A bi-directional con-
nection can exist between the suprachiasmatic nucleus
(SCN) and the ovaries. The ovarian circadian rhythm
is synchronized with the SCN through gonadotropins
[21]. Meanwhile, circulating estradiol has been reported
to influence the SCN through estrogen receptors (ER)
[22, 23]. For example, the expression of clock genes such
as Bmall, Clock, Perl, and Per2 is regulated by estro-
gen through estrogen response elements (EREs), and
the expression of ER is directly controlled by BMALI1
and CLOCK through the E-box on ERa and ERp [19].
Furthermore, a reciprocal relationship exists between
estrogen and the circadian rhythm. For example, estro-
gen-mediated CLOCK sumoylation upregulates the tran-
scriptional activity of ERa [24], and estrogen-induced
PER2 binding enhances ERa degradation; by contrast,
suppression of Per2 levels leads to ERa stabilization
[25]. Additionally, impaired fertility has been observed
in mutant mice with circadian clock disorder, and both
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complete and ovarian conditional knockout of Bmall
have been reported to result in implantation failure in
female mice [26, 27].

Clinical trials have utilized stem cell therapy, particu-
larly mesenchymal stem cell (MSC) therapy, to treat
patients with POL To date, 29 clinical trials have reported
on the use of autologous or allogeneic MSCs for POI
treatment (https://clinicaltrials.gov/). Additionally, cel-
lular derivatives of MSCs, such as MSC-conditioned
medium (MSC-CM), which contains paracrine factors,
and extracellular vesicles, including exosomes, have also
been used to treat POI [28-31]. However, the MSCs used
in current clinical trials are derived from bone marrow,
adipose tissues, or umbilical cord, which cannot respond
to estrogen in the ovarian niche due to the absence of
estrogen receptors (ERs) (Supplemental Fig. S2, [32-35]).
Thus far, no clinical trial has tested the use of MSC-CM
(secretome) to treat POIL Notably, the effects of preci-
sion therapy involving the MSC secretome on mediating
ovarian regeneration and restoring the circadian rhythm,
particularly in response to estrogen in the ovarian niche,
remain unclear.

In the present study, considering the estrogen niche
in ovarian tissues, we identified MSCs from human pla-
centa choriodecidual membrane tissues that express
ERs (ERTpcMSCs) as ideal candidates for utilizing the
MSC secretome in the treatment of POI. We evalu-
ated the potential therapeutic effects of the ER*pcMSC
secretome, with or without estradiol (E2) priming
(ER"pcMSC-CM/E2-CM), on CTX-induced POI and
circadian rhythm regulation, both in vitro and in vivo.
The underlying mechanisms were further investigated
through cytokine arrays and exosomal miRNA analy-
sis. This study is the first to consider the estrogen niche
in ovarian tissues and demonstrates the potential thera-
peutic effect of the ER*pcMSC secretome on chemo-
therapy-induced POI through the promotion of ovarian
regeneration and the restoration of diurnal rhythm.

Materials and methods

Generation of ER*pcMSCs

In the present study, human placentas were donated by
women who received cesarean sections in Taipei Medi-
cal University Hospital with procedures approved by the
Institutional Review Board at Taipei Medical University
(IRB Approval No. TMU-JIRB 201501063 and TMU-JIRB
N202304143). Written informed consent was obtained
from all donors and experiments were performed in
accordance with relevant guidelines and regulations.

The pcMSCs from human placental tissues (provided
by Prof. Thai-Yen Ling’s Lab in National Taiwan Univer-
sity) were isolated and characterized as described in our
previous study [36]. In brief, the placental tissues were
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carefully dissected, and the harvested tissue pieces were
washed several times with phosphate-buffered saline
(PBS); minced; and enzymatically digested using diges-
tion buffer containing DNase I, protease, and collagenase
B in minimum essential medium (MEM, Thermo Fisher
Scientific, NY, USA). The digested tissues were neutral-
ized with 10% fetal bovine serum (FBS) in MCDB201
medium (Sigma-Aldrich, MO, USA) and filtered twice
through a nylon membrane (pore size: 100 um) and,
subsequently a 100 pm cell strainer (BD Bioscience, NJ,
USA) to remove undigested pieces. The mixture was cen-
trifuged at 300x g for 20 min, after which the superna-
tant was discarded. The cell pellets were resuspended and
cultured in ITS and 10 mg/ml EGF in MCDB201 at 37°C
and 5% CO,. The pcMSCs from passage 6 were subjected
to phenotypic marker identification through flow cytom-
etry to identify their MSC characteristics [36].

Generation of CM and E2-CM derived from ER*pcMSCs

To investigate the differences in protein concentrations
between CM and E2-CM, pcMSCs were cultured in
serum-free MCDB201 medium; for this procedure the
seeding number (5x10° cells/10 cm dish) and harvest
duration was set at 48 h. At approximately 50% conflu-
ence, the medium was replaced with fresh medium con-
taining E2 (100 nM) for 48 h. The culture dishes were
washed three times with PBS, and serum-free medium
was added. The cells were cultured for another 48 h to
obtain E2-CM. Normal CM was also harvested by using
this procedure without the E2 priming. CM and E2-CM
were then subsequently concentrated 10- or 50-fold by
using an ultraconcentrator (Vivaspin 20 with 3000 Dal-
ton molecular weight cutoff filters, Cytiva, USA) per the
manufacturer’s instructions and were stored at — 80°C for
future use.

Human granulosa-like cell line (KGN)

Cells from the human granulosa-like cell line (KGN,
RCB1154), a steroidogenic human granulosa cell line,
were purchased from RIKEN Bioresource Centre
(Tsukuba, Japan). The physiological characteristics of
granulosa cells are maintained in KGN cells [37]. These
characteristics include the expression of functional FSH
receptors and steroidogenic activity, such as estradiol
production in response to FSH stimulation. The pur-
chased KGN cells were cultured in Dulbecco’s Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12)
supplemented with 10% fetal bovine serum (Corning,
AZ, USA) and 1% antibiotic—antifungal 100X antibiotic
antimycotic solution (Life Technologies, USA) in 5% CO,
at 37°C. The cells were seeded at density of 15,000 cells/
well in 96-well plates; after incubation for 24 h, the wells
were treated with various concentrations (0—12 pg/ml) of
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4-hydroperoxycyclophosphamide (4-OOH-CP), which
is the active metabolite of CTX (39800-16-3, Cayman
Chemical Company, USA).

Human umbilical vein endothelial cells

Human umbilical vein endothelial cells (HUVECs) were
maintained in 10-cm fibronectin-coated dishes contain-
ing endothelial cell medium (ScienCell Research Labora-
tories, USA) supplemented with 5% fetal bovine serum,
50 pg/ml endothelial cell growth supplement, and 1%
penicillin—streptomycin solution at 37°C and 5% CO,. All
experiments were performed using HUVECs at passages
3-5.

Tube formation assay (thin layer method)

Geltrex LDEV-Free reduced growth factor Basement
membrane matrix (Invitrogen, CA, USA) was thawed at
2-8°C overnight. Pre-chilled 24-well plates were coated
with the matrix (50 pL/cm? onto the growth surface of
each well and incubated for 30 min at 37°C. The cells
(2% 10%*/cm?) were placed in 500 uL. DMEM/F12 with var-
ious supplements: 10% FBS and endothelial cell growth
supplement (positive control group), 20% CM in basal
DMEM/F12, and 20% E2-CM in basal DMEM/F12. Anti-
angiogenin antibody at 1/100 dilution (sc-74528, Santa
Cruz, USA) was preincubated with CM (anti-ANG/CM
group) or E2-CM (anti-ANG/E2-CM group) 1 h before
tube formation assays were performed. Nonsupple-
ment medium was used for the negative control group.
After an additional 8 h of incubation, the endothelial cell
tubular structure was formed. Tubes were labeled using
4-pg/ml (approximately 4 pM) Calcein AM Fluorescent
Dye (354,217, Corning, USA) in 0.5-ml basal medium
for another hour at 37°C. The tube areas from five ran-
dom fields per well were photographed using a fluores-
cence microscope (Olympus BX51, Japan). The total tube
length and total branching points were measured using
the online software WimTube (Onimagin, Spain). This
experiment was repeated three times in triplicate. Data
are expressed as means * standard deviations (SDs).

CTX-induced KGN granulosa cell injury model

To establish an in vitro granulosa cell injury model, the
KGN cells were seeded and cultivated upon reaching
50-60% confluence, after which they were treated with
4-OOH-CP (8 pg/ml) for 12 h to induce cell apopto-
sis and senescence. The 4-OOH-CP-treated KGN cells
were cultured with basic medium (DMEM/F12 mixed
with 20% MCDB201 medium) and divided into three
groups, namely the Mock group (supplemented with
basic medium), CM group (supplemented with CM), and
E2-CM group (supplemented with E2-CM). After 48 h of
incubation, the cells were collected to enable analysis the
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markers of apoptosis and proliferation. Untreated KGN
cells maintained in regular medium served as the control

group.

CTX-induced C57BL/6J POl mouse model

The CTX-induced mouse POI model was established per
the protocol described previously [38]. In brief, seven-
week-old adult female C57BL/6] mice were purchased
from the National Laboratory Animal Center, Taipei, Tai-
wan. The mice were fed a standard laboratory diet, pro-
vided with ad libitum access to water, and subjected to
a 12:12-h light:dark cycle. To evaluate the effects of the
pcMSC secretome on chemotherapy-induced POI, mice
were randomly divided into 4 groups, namely the con-
trol, POI, CM, and E2-CM groups. The mice in the POI,
CM, and E2-CM groups were intraperitoneally injected
with CTX (Sigma-Aldrich, USA) resuspended in normal
saline (50 mg/kg/day) for 14 consecutive days to estab-
lish a POI model [38], and the mice in the control group
were injected with saline. To study the mRNA expres-
sion of clock genes in the ovaries and SCN, ovarian and
SCN tissue sampling was performed every 4 h for 24 h,
starting from Zeitgeber time 0 (ZT0). In each group, we
conducted an average of three independent biological
replicates per Zeitgeber time (ZT) point (six time points
in total). The data for the 0-h and 24-h time points were
identical [39]. All animal experiments conducted in the
present study were approved by the Institutional Animal
Care and Use Committee of Taipei Medical University
(approval numbers: LAC-2021-0049 and LAC-2022-
0171) and complied per the Guide for the Care and Use
of Laboratory Animals.

Circadian locomotor activity measurement and analysis

We performed actimetry according to established proce-
dures [40, 41]. In brief, the mice were individually housed
in specially designed light-sealed boxes equipped with
computer-controlled light-emitting-diode lighting and
a ventilating fan, as described in the previous subsection
[40]. The mice had ad libitum access to food and water,
and the light inside the boxes was computer-controlled to
match the conditions in the breeding room. Outside the
enclosures, the animal room was illuminated solely with
safety lights, with computer monitors shielded by safety
films. Inside the box, circadian locomotor activity of each
mouse was continuously monitored using a passive infra-
red (PIR) motion sensor and recorded at 1-min intervals.
Scheduled light control and data acquisition were man-
aged through an Arduino Mega 2560 microcontroller
and custom software [42]. The mice underwent a habitu-
ation phase for one week (Week 1) in the boxes under a
12:12-h light:dark (LD) cycle; the lights were turned on
at 7:00 a.m. and turned off at 7:00 p.m. Subsequently,
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daily intraperitoneal (IP) injections of CTX (50 mg/kg)
were administered to induce the POI model during Week
2 under LD and Week 3 (constant darkness, DD) of the
experiment. Subsequently, in Weeks 4 and 5, the mice
in the CM and E2-CM groups received CM and E2-CM
treatments every two days under DD. Intensive observa-
tion under DD was conducted in Week 6, and observation
under an LD cycle was conducted in Week 7. On the final
day, the entrainment reverted to DD, and the mice were
sacrificed at circadian timepoints for the collection of ova-
ries and SCN tissues, as well as blood samples. IP injec-
tions (Weeks 3-5) and sample collections were conducted
under dim safety lighting. Circadian locomotor activities
were visualized side-by-side as double plots and spec-
trograms. Time-dependent period and rhythmicity were
assessed using a sliding window fast Fourier transform
to generate a circadian heatmap [41]. The resulting data
were presented as spectrograms, showing the power spec-
trum over a range of periods for each time point. During
the observation phase of Week 6 (DD), the circadian free-
running period was estimated from the peak power in the
FFT. The circadian power ratio (CPR) was calculated by
dividing the area spanning 20 h and 28 h by the total area
of the spectral power in the frequency domain.

Histology

The collected ovaries were fixed in 10% neutral buffered
formalin at 4°C for 24 h. The specimens were then dehy-
drated, cleared in xylene, embedded in paraffin wax, seri-
ally sectioned into 5-pm-thick slices, and mounted on
glass slides. Hematoxylin—eosin staining was performed
on every tenth sample from three consecutive slides,
sampled from a total of 20 ovaries across 4 experimen-
tal groups (n=5), followed by blinded follicle counting.
Whole-slide scanning at 200X magnification was car-
ried out using TissueFaxs (TissueGnostics GmbH, 1020
Vienna, Austria) for analysis. Follicles with a visible
nucleus were counted and classified as primordial, pri-
mary, secondary, antral, or atretic. A primordial follicle
was identified as an oocyte surrounded by a single layer
of flat pregranulosa cells. Primary follicles had a single
layer of cuboidal granulosa cells, whereas secondary fol-
licles had multiple layers of cuboidal granulosa cells. In
antral follicles, an antrum was present in the granulosa
cell layers. Atretic follicles were identified by eosinophilia
of the ooplasm, nuclear pyknosis of granulosa cells, cyto-
plasmic contraction, cytoplasmic vacuoles, and the dis-
sociation of granulosa cells from the basal membrane
[43]. To evaluate ovarian fibrosis, modified Masson’s
staining was performed using the Modified Masson’s
Trichrome Stain Kit (ScyTek Laboratories, USA). Spe-
cifically, tissue slides were cut from paraffin-embedded
blocks, randomly selected (n=4), then subjected to
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deparaffinization, rehydration, and staining according to
the manufacturer’s protocol. After mounting with resin,
slides were photographed at 200 X magnification. Image]
software was used to quantify the area of fibrosis indi-
cated by collagen deposition (stained blue).

RNA isolation and real-time quantitative polymerase chain
reaction

Opvarian and SCN tissues, pcMSCs, and KGN cells were
collected and homogenized, and their total RNA was
isolated using an EasyPure Total RNA Spin Kit (Bioman
Scientific, Taiwan) per the manufacturer’s instructions.
RNA quantity and quality were assessed using a Nan-
oDrop spectrophotometer (Thermo Scientific, USA).

We synthesized cDNA using Moloney murine leu-
kemia virus reverse transcriptase (M-MLV RT, M1705,
Promega, USA). Ovary RNA (2000 ng) and SCN RNA
(400 ng) were mixed with a reverse transcriptase mas-
ter mix in a final volume of 25 pL. The reaction mixtures
were incubated at 25°C for 5 min, 50°C for 60 min, and
70°C for 10 min.

Real-time quantitative polymerase chain reaction
(PCR) was performed in 96-well plates on a LightCycler
96 (Roche Diagnostics, Switzerland) by using the Fast
SYBR Green Master Mix (15,350,929, Applied Biosys-
tems, MA, USA). PCR reactions were conducted using a
mixture comprising 5 pL of SYBR Green I Master, 2.5 pL
of RNAse-free water, 2 puL of 30 nM primer mix, and 0.5
uL of cDNA for a total volume of 10 pL. Three technical
replicates were performed for each sample. The cycling
conditions were as follows: an initial cycle was performed
for 20 s at 95°C, followed by 40 cycles for 10 s at 95°C,
20 s at 60°C, and 20 s at 72°C. Melting curve analyses for
determining the dissociation of PCR products were per-
formed at between 65 and 95°C. The PCR efficiencies
of the primers was evaluated by examining the samples
through the use of six standards in triplicate (diluted in
fivefold series). Two reference genes (Actb and Gapdh)
were used for normalization when the expression of the
clock genes was analyzed. Cq values were exported using
the software LightCycler 96 (Roche Diagnostics, Switzer-
land) and analyzed using Microsoft Excel. The PCR effi-
ciency factor (1 denoting 100% efficiency) and Cq values
were quantified without any weighting. A PCR efficiency
of 90-110% was regarded as acceptable [39]. Table S1
lists the primer sequences for the targeted genes in the
real-time quantitative PCR.

Western blot analysis

The collected cells and ovaries were lysed with RIPA
buffer (Energenesis Biomedical, Taiwan) along with a
protease inhibitor cocktail (Roche Diagnostics, Swit-
zerland) and phosphatase inhibitor cocktail (Roche
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Diagnostics). Total protein solutions were obtained by
centrifuging the lysed samples at 14,000 rpm for 25 min
at 4°C. The protein concentration was detected using the
Pierce BCA assay kit (Thermo Fisher Scientific, USA) per
the manufacturer’s instructions. Equal amounts of pro-
tein (30 pg) in sodium dodecyl sulfate (SDS) buffer were
separated by applying electrophoresis to 10% SDS—poly-
acrylamide gel, after which the separated proteins were
transferred to pure polyvinylidene fluoride membranes
(Immobilon, Merck Millipore, Germany). The mem-
branes were placed in 5% skimmed milk for 1 h to block
nonspecific binding and were then incubated with corre-
sponding primary antibodies (Table S2). They were then
washed three times with tris-buffered saline (TBS) buffer
(Bioman, Taiwan) containing 0.2% Tween 20 (Bioshop,
Canada). After undergoing rinsing, the membranes were
incubated with anti-rabbit or anti-mouse IgG second-
ary antibody (diluted 1:3000). Finally, they were visual-
ized using Immobilon Western (Millipore, Germany) and
imaged using the ImageQuant LAS 4000 mini system
(GE Healthcare, USA). Band density was quantified using
Image] software 1.53u (NIH Image, USA), B-actin was
used as an internal control.

Immunohistochemical and immunocytochemical staining
Slides were incubated in a heating chamber at 60°C for
30 min, immersed in xylene, and rehydrated through
a graded alcohol series. Deparaffinized sections were
treated with 10 mM citrate buffer (pH 6.0) for 20 min at
98°C for antigen retrieval and were subsequently washed
with TBS and permeabilization with TBST (0.2% Tween
20 in TBS solution). These sections were then blocked
with 5% (v/v) normal goat serum (Vector Laboratories,
S$-1000, USA) for 1 h. After blocking, the slides were
incubated overnight with the following primary antibod-
ies: CYP19A1 (Abcam, ab18995, UK), PER2 (Abcam,
ab227727, UK), RORA (Proteintech, 10616-1-AP, USA),
and Rev-Erba (NR1D1, Proteintech, 13906-1-AP, USA).
Subsequently, they were incubated with goat anti-rabbit
horseradish peroxidase—conjugated secondary antibody
(Vector Laboratories, USA) for 1 h. Finally, the sections
were stained with 3,3’-diaminobenzidine substrates (Vec-
tor Laboratories, USA).

For confocal fluorescence detection, the slides were
subjected to incubation overnight with mouse anti-
PCNA (Chemicon, CBL407, Germany) or double staining
with cleaved caspase-3 (Cell Signaling, #9961, USA) by
using the In Situ Cell Death Detection Kit, POD (TUNEL
assay, Roche, Cat. No.11684817910, Switzerland). Dou-
ble immunofluorescence staining was also performed
using antibodies against CD31 (550274, BD Pharmin-
gen, USA) and VEGF-A (ab183100, Abcam, UK). On
the next day, after being washed with TBST, the sections
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were incubated for 1 h at room temperature with Alexa
Fluor-594-labeled goat anti-mouse IgG/goat anti-rabbit
IgG (Life Technologies, USA) and then counterstained
with DAPI (4,6-diamidino-2-phenylindole). Fluorescence
signals were detected using a Stellaris 8 confocal micro-
scope (Leica, Germany).

KGN cell cultures grown on glass coverslips were fixed
with 4% newly prepared paraformaldehyde for 10 min
at room temperature, permeabilized with cold TBST for
10 min, and incubated with a blocking solution contain-
ing 5% normal goat serum in TBST for 1 h. The coverslips
were incubated overnight at 4°C with primary antibodies
for the proteins: Ki67 (Abcam, ab15580, UK) and cleaved
caspase-3 (Cell Signaling, #9961, USA). Subsequently,
the coverslips were incubated with goat anti-rabbit Alexa
Fluor 488-conjugated IgG (Life Technologies, USA),
and F-actin was labeled with Alexa Fluor 594 phalloidin
(Invitrogen, A12381, USA). Fluorescence signals were
detected using a confocal Stellaris 8 microscope (Leica,
Germany). Table S2 presents the experimental condi-
tions for the antibodies used for Western blotting or
immunostaining.

Enzyme-linked immunosorbent assay

To perform enzyme-linked immunosorbent assays
(ELISA), serum samples were obtained from the
mice in each experimental group to evaluate the lev-
els of AMH (MBS2507173, MyBioSource, CA, USA),
E2 (MBS261250, MyBioSource, CA, USA), and FSH
(MBS2507988, MyBioSource, CA, USA). Fresh CM and
E2-CM from four consecutive passages were used to
quantify angiogenin (ELH-ANG, Raybiotech, GA, USA).
All assays were conducted using ELISA kits according to
the manufacturers’ instructions.

Flow cytometric analysis

KGN cells were treated with Allophycocyanin (APC)
Annexin V in a staining buffer containing propidium
iodide (BioLegend, USA) per the manufacturer’s recom-
mendations. The samples were analyzed using a BD FAC-
SVerse system and the software BD FACSuite (CA, USA).

Cytokine array assay

The cytokines in CM/E2-CM were detected using anti-
body array-based technology (Human Cytokine Arrays
C5, RayBiotech, USA). Each array was incubated with
CM/E2-CM (700 pg/ml) at 4°C overnight in accordance
with the manufacturer’s instructions. The signals on the
membranes were imaged using the ImageQuant LAS
4000 mini system (GE Healthcare, USA). Integrated den-
sities were measured using Image] 1.53u. The samples
were normalized on the basis of six spots of positive con-
trols and the background of the surrounding area.
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Exosome isolation and characterization

To obtain the exosomes in CM and E2-CM, the
ER"pcMSCs were cultured under serum-free condi-
tions with or without E2 priming until they reached 80%
confluence, after which they were maintained in new
serum-free medium for 48 h. Cell debris was removed
by centrifuging the samples at 300xg for 10 min at 4°C.
The supernatant was filtered through membranes (pore
size: 0.22 pm). The exosomes were isolated through the
following steps. The medium was ultracentrifuged at
100,000xg at 4°C for 90 min (Optima L-90 K Ultracen-
trifuge, Beckman Coulter, USA), the supernatant was
carefully collected into another tube, and the pellet was
resuspended in 10 ml iced PBS. The suspension was
ultracentrifuged again at 100,000xg and 4°C for 90 min,
and the supernatant was carefully removed. The final
pellets were resuspended in 250 pL iced PBS as crude
exosomes. The exosomes present in fresh conditioned
media (CM and E2-CM) were quantified by employing
digital exosome counting technology (JVC Exocounter,
Japan), in which anti-CD9 and anti-CD63 antibodies are
used for exosome labeling. The system excludes larger
particles, such as microvesicles, through a size-selective
nano-structure on a disc with a 260-nm width. Each
exosome is labeled with a single nanobead and detected
through optical pickup, which was developed on the
basis of Blu-ray technology.

Exosomal miRNA extraction, library preparation,
sequencing and qPCR

Total RNA was extracted using TRIzol LS reagent
(10296010, Invitrogen, CA, USA) per the manufacturer’s
instructions. The RNA concentration was determined by
using a spectrophotometer (ND-1000, NanoDrop Tech-
nology, USA) to measure absorbance at 260 nm. The
quantity of RNA was evaluated by using a LabChip RNA
6000 kit (Agilent Technologies, USA) and the Bioana-
lyzer 2100 (Agilent Technology). Sample libraries were
prepared using the QIAseq miRNA Library Kit (Qiagen,
Germany) per the manufacturer’s guidelines, and subse-
quently they were sequenced using an Illumina instru-
ment (75-cycle single-end read, 75SE). The miRNA data
obtained in the present study have been deposited in the
Gene Expression Omnibus database under the accession
number GSE247568.

The collected sequencing data were analyzed using
the Illumina BCL2FASTQ v2.20 software (Illumina,
USA) for demultiplexing. We used Trimmomatic to iso-
late high-quality reads, discarding those shorter than 18
nucleotides [44]. The processed data were then analyzed
using miRDeep2 [45]; during this process, the reads were
aligned with the GRCh38 reference genome obtained
from the University of California, Santa Cruz [46]. Given
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that human miRNAs can only align with a limited num-
ber of genomic locations, we only considered reads that
matched the genome up to five times for miRNA iden-
tification [47]. We employed reads per million mapped
reads to measure normalized miRNA expression. This
model was derived by dividing the signal values of each
miRNA by the total number of mapped reads. We used
the MirTarget V4 tool [48] of miRDB version 6 [49]
to predict miRNA targets. For this process, we only
included functional human miRNAs from the FuncMir
collection  (http://www.mirdb.org/FuncMir.html). In
addition, when searching multiple miRNAs or genes for
target mining, we excluded gene targets with fewer than
60 target prediction scores and miRNAs with more than
2000 predicted targets in the genome. TargetScan (v8.0;
targetscan.org [50, 51]) was employed to screen for miR-
NAs targeting genes of interest, with selection based on
a TargetScan context+ +score<—0.2. For the differen-
tially expressed miRNA analysis, we estimated the read
counts of mature miRNA obtained from miRDeep2
Quantifier module. Then the read counts of each miRNA
were normalized to total number of miRNAs as RPM
(Reads per millions mapped reads) to compare the abun-
dance between samples.

Total exosomal RNA extracted above, including
miRNA, was used to conduct quantitative analysis of
miRNA by qPCR. cDNA was synthesized using the miR-
CURY LNA RT Kit (Cat#339340, Qiagen, Hilden, Ger-
many) according to the manufacturer’s recommendation.
Reverse transcription reactions were performed using the
miScript HiSpec Buffer in the kit, allowing selective con-
version of mature miRNAs but not precursors. Mature
miRNAs were polyadenylated by poly(A) polymerase
and reverse transcribed into cDNA using oligo-dT prim-
ers. Polyadenylation and reverse transcription were per-
formed in parallel in the same tube. The expression of
the miRNAs of interest was assessed via qQPCR using the
miRCURY LNA SYBR Green PCR kit (Cat#339345 Qia-
gen, Hilden, Germany). U6 (RNU6-1) snRNA was cho-
sen as the internal control for microRNAs. Primers were
designed based on a miRNA-specific stem loop-RT assay
[52]. Each experiment was performed at least in trip-
licate. Primer sequences for miRNAs are shown in the
supplementary table (Table S3). Relative gene expression
was calculated using the 2724¢4 method.

Statistical analysis

All experiments were performed at least three times.
The collected data were analyzed using GraphPad Prism
(version 9.3, USA) and were presented as means+ SDs.
An unpaired Student’s ¢ test was conducted to perform
between-group comparisons. One-way analysis of vari-
ance (ANOVA) and two-way ANOVA with Tukey’s
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test were performed to compare the results of multi-
ple groups. A p-value< 0.05 was considered to indicate
significance.

Results

Establishment of a CTX-induced POl mouse model

The effects of CTX on the POI-associated ovarian mor-
phology, sex hormones, and mouse body weight were
analyzed. As presented in Supplementary Fig. 1, the
CTX-induced POI mice exhibited significant weight loss
(Fig. S1A), reduced ovary size, poor ovarian morphology
(Fig. S1B), impaired folliculogenesis (Fig. S1C and D),
decreased serum E2 and AMH levels, increased serum
FSH levels (Fig. S1E), and decreased CYP19A1 protein
levels (Fig. S1F). These results indicate the successful
establishment of a CTX-induced POI mouse model.

Expression of ERa of pcMSCs

Estrogen is produced by granulosa cells. It stimulates
ovarian folliculogenesis and plays a key role in the inter-
action between granulosa cells and surrounding niche
cells [53, 54]. The MSCs expressing ERs may respond
better to estrogen in the ovarian niche for effective POI
treatment. The results of a Western-blot analysis revealed
that the pcMSCs expressed higher levels of ERa relative
to those of the MSCs from other tissues from the umbili-
cal cord, adipose tissues, and bone marrow. MCF-7 (ER"
breast cancer cells) and MDA-MB-231 (triple negative
breast cancer cells) served as positive or negative control
(Fig. S2A). E2 treatment increased the cell proliferation
(WST1 assay, Fig. S2B-a) and the protein levels of pro-
liferating cell nuclear antigen (PCNA; Fig. S2B-b), high-
lighting the active estrogen-ER signaling of the pcMSCs
in the ovarian niche.

Conditioned medium derived from ER*pcMSCs

with or without E2 priming (E2-CM and CM, respectively)
improved ovarian function in CTX-induced POl mouse
model

We previously demonstrated that pcMSC (same source
as ERTpcMSCs in this study) exosomes can miti-
gate endoplasmic reticulum stress, inflammation, and
lung injury in lipopolysaccharide-treated obese mice

(See figure on next page.)
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[55] and mitigate liver injury in high-fat diet-induced
obese mice [56]. In the present study, we enhanced the
response to ovarian estrogen niche and investigated
the effect of the ER*pcMSC secretome on POI treat-
ment; CM derived from ER*pcMSCs without or with
E2 priming (100 nM for 48 h) was collected for experi-
ments (CM and E2-CM, respectively).

The mice were divided into four groups, namely the
control group comprising healthy controls, the POI
group comprising CTX-induced POI mice, the CM
group comprising POI mice treated with CM, and
the E2-CM group comprising POI mice treated with
E2-CM. The POI mice were intraperitoneally injected
with PBS, CM, or E2-CM. The experimental designs
are presented shown in Fig. 1A. Relative to the mice
in the control group, those in the POI group exhibited
significant decreases in body weight (Fig. 1B) and ovary
size (Fig. 1C). In both the CM and E2-CM groups, the
treatments had a significant therapeutic effect on both
the body weight (Fig. 1B) and ovary size as well as the
ovary weight (Fig. 1C) of the CTX-induced POI mice.
By examining every tenth slide from three consecutive
slides of each ovary, sampled from a total of 20 ova-
ries across 4 experimental groups, we found that treat-
ment with CM or E2-CM improved folliculogenesis in
the CTX-induced POI mice, as evidenced by increases
in the total number of follicles (Fig. 1D, Panels a and
b) and in the number of follicles from the primordial
to antral developmental stages. After treatment with
CM or E2-CM, the atretic follicles decreased whereas
the number of primordial follicles increased (Fig. 1D,
Panel c). Furthermore, the mice in the CM and E2-CM
groups exhibited increased E2, decreased FSH lev-
els, and restored ovarian reserves (as evidenced by
their elevated AMH levels; Fig. 1E). Besides, CM and
E2-CM treatment increased the levels of steroidogen-
esis-related proteins (CYP19A1 and StAR; Fig. 1F). The
treatment effects were more prominent in the mice
in the E2-CM group than in those in the CM group
(Fig. 1C, D, and F). Collectively, these results reveal
the therapeutic effects of ER*pcMSC-CM and E2-CM
on restoring folliculogenesis and steroidogenesis in the
ovaries of the CTX-induced POI mice.

Fig. 1 pcMSC-CM and E2-CM improved ovary function in CTX-induced POI animal model. A Experimental schedule and design. B Changes

in bodyweights of mice in four experimental groups (control, POI, CM, and E2-CM groups). C Tissue morphology (a), volume (b), and weight (c)
of ovaries of mice in four experimental groups (n= 10); volume (mm?) = length xwidth?x11/6. D (a) HE staining results indicate folliculogenesis
in ovary tissues of mice in each group. Quantitative analysis of (b) total follicle number and (c) follicle number at various folliculogenesis stages
in each group (n=5). E Serum hormone levels of E2 (a), FSH (b), and (c) AMH in each group. Results obtained through ELISA assay. F Protein
levels of steroidogenesis pathway (CYP19A1 and StAR), as detected using Western-blot assay. Data are expressed as means + SDs of at least three
independent experiments. *p < 0.05, **p <0.01, ***p <0.001 compared with control group. One-way and two-way ANOVA with Tukey’s test
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ER*pcMSC-derived CM and E2-CM reduced granulosa cell
apoptosis in the CTX -induced POl mouse model

To determine the effects of CM/E2-CM on ovarian dam-
age due to CTX-induced POI, immunohistochemical
staining for PCNA was performed; PCNA is an indica-
tor of cell proliferation. As revealed in Fig. 2, compared
with the healthy controls, which exhibited high PCNA
expression in granulosa cells, the POI group exhib-
ited a remarkable loss of PCNA expression. Treatment
with ER*pcMSC-CM or E2-CM effectively restored the
expression of PCNA in the granulosa cells, as evidenced
by the consistent positive results for immunohistochemi-
cal staining that were obtained through immunoblotting
(Fig. 2A, Panels a and b vs. Panels c and d). Furthermore,
terminal deoxynucleotidyl transferase dUTP nick end
(TUNEL) assay and cleaved caspase-3 double immu-
nostaining were performed to determine the effect of CM
or E2-CM on decreasing granulosa cell apoptosis in the
CTX-induced mice. Figure 2B reveals that CTX induc-
tion increased both the positive TUNEL (cell death) and
expression of cleaved caspase-3 protein (apoptosis) in the
POI group. That is, CM and E2-CM helped to prevent the
cell death/apoptosis of granulosa cells in the POI groups.
The Masson’s trichrome staining results revealing the
effects of CM and E2-CM on CTX-induced ovarian tis-
sue fibrosis are presented in Fig. 2C. These results clearly
indicate that ER*pcMSC-CM and E2-CM enhanced the
proliferation and reduced the apoptosis of granulosa cells
in the CTX-induced POI mice.

ER*pcMSC-derived CM and E2-CM reduced granulosa cell
apoptosis in the CTX-challenged KGN cell model

To elucidate the effects of CM and E2-CM on granulosa
cell apoptosis, the human KGN granulosa cell line was
used to establish an in vitro cell model (Fig. S3A). In the
present study, 4-OOH-CP (8 pg/ml), an active form of
CTX, was employed to test the effects of CM and E2-CM
(Fig. S3B). The flow cytometry analysis results reveal that,
when compared with the 4-OOH-CP-treated KGN cells
(Mock group), those treated with CM or E2-CM exhib-
ited significantly reduced 4-OOH-CP-induced early
and late cell apoptosis (Fig. 3A, n =3 for each group).
This finding was further confirmed by immunostain-
ing for cleaved caspase-3 protein (Fig. 3B). Additionally,

(See figure on next page.)
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CM or E2-CM treatment also significantly rescued the
4-OOH-CP-suppressed Ki67 expression, cell prolifera-
tion, and viability of the KGN cells (Fig. 3C, Fig. S3C and
S3D). Collectively, these results demonstrated the antia-
poptotic effects of ER"pcMSC-CM/E2-CM on 4-OOH-
CP-induced KGN cells, with E2-CM exhibiting superior
efficiency relative to CM (Fig. 3).

ER*pcMSC-derived CM and E2-CM restored ovarian
circadian clock and locomotor activity in CTX-induced POI
mouse model

Estrogen is closely associated with circadian rhythm
regulation [19], and the ovarian circadian clock has
been reported to regulate ovarian function [20, 26, 57—
59]. Given that the CTX-induced POI mice exhibited
decreased E2 levels and that CM and E2-CM treatment
effectively and significantly restored CTX-induced E2
defects (Fig. 1), we hypothesized that CM and E2-CM
can regulate the estrogen-associated ovarian circadian
clock. To test our hypothesis, the experimental mice
were divided into four groups; namely the Control, POI,
CM and the E2-CM as described above. We analyzed the
expression of genes related to estrogen synthesis and cir-
cadian rhythm regulation [60, 61].

Figure 4A depicts the regulatory loops of gene expres-
sions associated with circadian rhythm and estrogen
synthesis, and Fig. 4B illustrates the experimental pro-
cedure. Because the SCN is the central pacemaker of the
body’s circadian rhythm [19], we analyzed the circadian
gene expression of core clock genes such as Per2 (period
circadian regulator 2) and Bmall (basic helix-loop-helix
ARNT-like 1). Figure 4C presents potential CTX-induced
disruption in the expression of these genes. Compared
with the control group, the POI group exhibited a signifi-
cant increase in Per2 expression) at the peak ZTs of ZT12
and ZT20, whereas Bmallexpression increased during
the circadian night at ZT20 and ZT24 (red line vs. blue
line). Treatment with CM and E2-CM effectively rescued
the CTX-induced expression defects of Per2 and Bmall
in the ovarian tissues of the POI mice (green and purple
lines vs. red line).

We analyzed the gene expression related to estro-
gen biosynthesis (CypI9al and Cyplla) and circadian
rhythm regulation (Fig. 4D). Compared with the control

Fig. 2 pcMSC-CM and E2-CM protected GCs from apoptosis in CTX-induced POl animal model. A Effect of CM and E2-CM treatment on ovarian
cell proliferation was analyzed using a confocal microscope (a, b) and Western blotting (¢, d). B Effects of CM and E2-CM on CTX-induced cell
death and apoptosis of GCs. Results obtained through TUNEL assay. TUNEL (apoptotic cells) results presented in green; cleaved caspase-3 results
in red; and DAPI results in blue. C Trichrome (modified Masson’s staining) results reveal fibrotic structure (muscle fiber, in dark red) and collagen
accumulation (in blue) (n=4). Data are expressed as means of at least three replicates + SDs. *p < 0.05, **p <0.01, ***p < 0.001. One-way ANOVA

with Tukey's test
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group, the POI group showed a significant decrease in
Cyp19al (aromatase) expression (Panel a; ZT8 and
ZT16), and CM and E2-CM effectively rescued the
Cyp19al expression defect in the treated groups at both
the transcript and protein levels (Fig. 4D, Panels b and c).
Cypl9al did not exhibit a diurnal rhythm. In line with
the previous results, E2-CM treatment was more effective
than CM treatment (at ZT16). Additionally, the expres-
sion of Rev-erba (Nrldl) was considerably higher in the
POI group than in the control group. Because REV-ERBa
has been reported to target the ROR/REV-ERB-response
element (RRE) by which CypI9al expression is regu-
lated, the increased Rev-erba may explain the decreased
expression of Cypl19al mRNA. By contrast, Rora expres-
sion exhibited an opposite phase relative to Rev-erba,
which can be explained by the role that RORA plays in
positively regulating estrogen synthesis in granulosa cells
by targeting the RRE on CypI9al. Notably, compared
with the control group and the CM and E2-CM groups,
the POI group did not present a diurnal rhythm in Rora
expressions (Fig. 4D, Panel a). Protein levels of CYP19A1,
REV-ERBg, and RORA in each experimental groups were
further validated through immunoblotting (Fig. 4D, Panel
).

Moreover, cells expressing Rev-erba and E4bp4
(Fig. 4D vs. 4E, Panel a) exhibited opposite circadian
rhythm phases relative to those expressing E4bp4 and
Dbp (Fig. 4E, Panel a). REV-ERBa is known to repress
E4bp4 to activate NAMPT-dependent NAD™ biosynthe-
sis and sustain cardiac function [62]. By contrast, E4BP4
represses a D-box-like DNA binding sequence (DBS)
[63], which regulates Cypllal expression [64]. These
findings corroborate our observations of an opposite cir-
cadian rhythm phase in cells that express both E4bp4 and
Dbp (Fig. 4E, panel a).

As was true with Cyp19al expression, the POI group
showed a significant decrease in Cypllal expression at
ZT4 relative to the control group, resulting in a com-
plete loss of the rhythmic pattern. Consistently, E4pb4
expression increased in the POI group at ZT16. Accord-
ingly, the fluctuation of Dbp became stronger in the POI
group at ZT12. CM and E2-CM effectively restored the
expression defects of Cypllal, E4bp4, and Dbp in the
treated groups (Fig. 4E, Panels a and b). The protein lev-
els of CYP11A1, E4BP4, and DBP in each experimental

(See figure on next page.)
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group were further confirmed through immunoblotting
(Fig. 4E, Panel c).

The impact of CM and E2-CM on the expression of
circadian proteins REV-ERBa and E4BP4 in ovarian
granulosa cells was further validated through immu-
nofluorescence staining using KGN cells in vitro. Our
findings revealed that the CTX analog 4-OOH-CP sig-
nificantly increased nuclear REV-ERBa levels, while CM/
E2-CM effectively attenuated this effect of 4-OOH-CP
(Fig. 4G). Similar trends were observed in the expression
of E4BP4 (Fig. 4H). These results provide strong support
for the observations made in the in vivo animal model as
illustrated in Fig. 4D and F.

We hypothesized that the interplay between circadian
rhythm disruptions and the components contributing to
POI can be reflected in circadian locomotor rhythms.
The disruptive effect of CTX and the repairing effects
of CM and E2-CM were studied by examining the loco-
motor activity in POI mice. The experimental design is
detailed in Fig. 5A, and circadian rhythms were quanti-
fied based on behavioral activities under constant dark-
ness following a phase of treatment, as shown in Fig. 5B
(‘Observ.). As expected from the disruption at the molec-
ular level, the CTX challenge in the POI group caused
circadian rhythm heterogeneity, with highly variable
circadian periods (Fig. 5B) and a decrease in circadian
spectral power compared to other rhythmic powers (cir-
cadian power ratio, CPR; Fig. 5C). The circadian power
indicates the dominance of the circadian rhythm among
all rhythmic components of activities. While the cir-
cadian power tends to decrease after the CTX chal-
lenge (POI), this trend is not statistically significant due
to increased variation. The variation, quantified by the
standard deviation (‘Std’), shows a clear trend: it is high
in the POI group and normalizes to levels comparable
to the control group in the CM and E2-CM treatment
groups. The CM and E2-CM treatment effectively and
consistently repaired the heterogeneity caused by CTX
(Fig. 5B and C). Similar to results presented in Fig. 4, the
gene expression related to the SCN such as Per2, Bmall,
and Rev-erba were observed in these mice. As shown in
Fig. 5D reveals that relative to the control group, the POI
group showed a persistent increase in Per2 expression
and comparable changes in Bmall and Rev-erba expres-
sion (Fig. 5D, red line vs. blue line). Treatment with CM

Fig.3 pcMSC-CM and E2-CM restore granulosa cell viability in CTX-challenged KGN cell model. A Apoptosis of KGN cells in four experimental
groups: control, Mock (4-OOH-CP treatment), CM (4-OOH-CP treatment plus CM), and E2-CM (4-OOH-CP treatment plus E2-CM) (a). Results
obtained through flow cytometry analysis. Results of quantitative analysis of (a) are presented in (b) (n=3). B Levels of cleaved caspase-3 (in green),
actin filaments (in red), and DAPI (in blue) (n=4). CKi67 levels in KGN cells (n=4). Results obtained through confocal immunofluorescent analysis.
Results of quantitative analysis of (a) are presented in (b). *p <0.05, **p <0.01, ***p < 0.001. One-way ANOVA with Tukey's test
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and E2-CM effectively rescued the CTX-induced expres-
sion defects of all three genes in the SCN of the POI mice
(Fig. 5D, green and purple lines vs. red line). Notably,
E2-CM was more effective than CM alone in rescuing the
aforementioned CTX-induced expression defects. The
expression of PER2 protein in the ovary tissues (Fig. 5E,
panel a) and the serum E2 levels in each experimental
groups (Fig. 5E, panel b) were further confirmed through
immunohistochemical staining and ELISA assay, and the
results clarified the rescue effects (Fig. 5E). Collectively,
the aforementioned results clearly indicate the restora-
tive effects of CM and E2-CM on CTX-induced circadian
rhythm disturbances in POI mice.

CM and E2-CM promoted angiogenesis in vitro and in vivo,
with possible angiogenin involvement

Neovascularization plays a key role in ovarian hormone
production and folliculogenesis. To investigate the poten-
tial role of CM and E2-CM in restoring CTX-induced
angiogenesis defect in vivo, the protein levels of CD31 (a
marker for vascular differentiation) and VEGF-A in ovar-
ian tissues subjected to different experimental conditions
were analyzed. We discovered that CTX treatment con-
siderably reduced the protein levels of CD31 and VEGEF-
A in the ovarian tissues of the experimental mice, and
that CM and E2-CM treatments significantly restored the
CTX-induced defects (Fig. 6A, Panels a and b). The pro-
tein levels of VEGF-A and CD31 in the ovarian tissues of
the experimental mice were further confirmed through
Western blotting. Consistent with earlier observations,
the changes in the E2-CM group were significantly more
favorable than those in the CM group (Fig. 6A, Panels ¢
and d).

To explore the potential mechanisms underlying the
aforementioned findings, cytokine array analysis was
performed to identify the cytokines of CM and E2-CM
that might be involved in angiogenesis (angiogenin and

(See figure on next page.)
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TNFRSF11), extracellular matrix regulation (TIMP1 and
TIMP2), immunoregulation (CCL2 and CCL7), and cell
growth (IL-8 and IGFBP2) (Fig. 6B, Panels a and b). A
basal medium without ER"pcMSC cultivation was used
as a negative control group. We discovered that the total
amount of secreted protein was higher in the E2-CM
group than that in CM group, the individual expression
levels are displayed for each group are presented as sup-
plementary information (Fig. S4). Among the secreted
protein levels, angiogenin was significantly higher in the
E2-CM group compared to the CM group (Fig. 6B, Panel
b: cytokine array; Panel c: ELISA assay).

To investigate whether angiogenin plays a role in
CM/E2-CM-induced angiogenesis, HUVEC cells were
treated with CM or E2-CM supplemented with or with-
out angiogenin-neutralizing antibodies. Compared with
the negative control (basal medium only), the CM and
E2-CM groups exhibited the same effects experienced
by the positive control with respect to the promotion of
HUVEC tube formation. Neutralizing angiogenin in CM
and E2-CM significantly suppressed the effects of CM
and E2-CM on angiogenesis with respect to total tube
length and total branch points (Fig. 6C). These results
clearly highlight the role of angiogenin in the effects of
CM and E2-CM on angiogenesis, which influences folli-
culogenesis and overall ovarian function.

Exosomal miRNAs may influence effects of CM and E2-CM
on CTX-induced POl and circadian rhythm regulation

The key role of exosomes in CM in regulating CTX-
induced POI and circadian rhythm disorders was fur-
ther investigated using a 4-OOH-CP-treated human
KGN granulosa cell model in vitro. The experimental
groups included the control group (Control group), the
groups challenged with 4-OOH-CP then treated with:
MDCD201 mock medium only (Mock group), exo-
some-depleted conditioned medium (Exo-/CM group),

Fig. 4 pcMSC-CM and E2-CM restore ovarian circadian rhythm in CTX-induced POl animal model. A Regulatory expression loops of Per2-Bmall
(Loop1), Cyp19al (Loop 2),and Cyplial (Loop 3). Clock-controlled elements (CCEs) of Cyp19al and Cypl1al are RRE and D box, respectively.
RORA and REV-ERBa competitively bind to RRE (Cyp19aT), and DBP and E4BP4 competitively bind to D box (Cyp17al). Binding of RORA and DBP
to their targeted CCEs induces upregulation of their targeted genes; this effect is reversed for REV-ERBa and E4BP4. B Experimental conditions

are illustrated. Four experimental groups were involved, namely the control, POI, CM (POI plus CM), and E2-CM (POI plus E2-CM) groups. C Loop 1
for Per2 and Bmall expression. D Loop 2 for expression of Cyp19a1-Rora-Rev-erba. E Loop 3 for expression of Cyp1T1al-E4bp4-Dbp. a Gene expression
levels detected by RT-gPCR, b quantitative and statistical analysis of gene expression (n=3 each time point), and ¢ protein levels detected
through western blotting at specific ZTs were shown. Curves were created using Fit Spline/LOWESS (medium smoothing). *p <0.05, **p < 0.01,
**¥p <0.001. Comparisons between groups at a given time point (p < 0.05), specifically, a between control and POI groups, b between CM and POI
groups, ¢ between E2-CM and POI groups, and d between CM and E-CM groups. Two-way ANOVA with Tukey's test. Light and dark backgrounds
represent light and dark phases of the day, respectively. ZTO indicates the time when the light is switched on, and ZT12 indicates the time

when the light is switched off. F Protein expression localization and statistical analysis of CYP19A1 (a and a”), REV-ERBa (b and b’) and RORA (c
and c’) in ovary tissues of mice in each experimental group (n=5). Results obtained through immunohistochemical staining. G and H Nuclear
expressions of REV-ERBa and E4BP4 in KGN cells were shown. Protein expression levels detected by immunofluorescence staining (n=4).F, G

One-way ANOVA with Tukey's test
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(See figure on next page.)

Fig. 5 pcMSC-CM and E2-CM restore period in locomotor activity in CTX-induced POl animal model. A Experimental conditions are presented.
Four experimental groups, namely the control (n=6), POl (n=8), CM (POI plus CM, n=5), and E2-CM (POI plus E2-CM, n=5) groups, were used. LD
(L12:D12); DD (D12:D12). B Double-plotted actograms from four representative mice, entrained under LD and DD conditions, with gray shading
indicating darkness during three experimental phases: CTX, Treatment (Control, CM, or E2-CM), and Observation (Observ.) (a). b Periods quantified
from the Observation phase are expressed in hours (lower panel), with the standard deviation (Std.) for experimental groups shown in the upper
panel. C The circadian power of four representative subjects from each group is presented in a spectrogram (a). The circadian power ratios (lower
panel) and their standard deviations for each group (upper panel) in (a) are compared in (b). D mMRNA expression of Per2, Bmall, and Rev-erba

in SCN in each experimental group (n=3 at each time point). Gray shading indicates darkness. Comparisons between groups at a given time
point (p < 0.05), namely, a between the control and POI groups, b between the CM and POI groups, ¢ between the E2-CM and POI groups, and d
between the CM and E-CM groups. Two-way ANOVA with Tukey's test. Light and dark backgrounds represent light and dark phases of the day.
ZT0 indicates the time when the light is switched on, and ZT12 indicates the time when the light is switched off. E (a) Localization analysis of PER2
protein expression in ovarian tissues accompanied by (b) corresponding serum estradiol concentrations of each experimental group (ng/m!,
mean £ SD) were shown. Results obtained through immunohistochemical staining (n=5) and estradiol ELISA assay (n=15)
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exosomes only (Exo group), and conditioned medium
(CM group). We assessed the protein levels of C-Casp3
and PCNA (indicators of granulosa cell apoptosis and
proliferation, Fig. 7A and B), as well as Rev-erba and
PER?2 (related to circadian rhythm, Fig. 7C and Supple-
mentary Fig. S5), using immunofluorescence staining and
western blot analysis. Our findings indicate that the CM
and Exosomes only groups significantly mitigated the
effects of 4-OOH-CP (Mock group), while the Exosome-
depleted CM (Exo-) group exhibited negative effects.
These results underscore the critical role of the exoso-
mal factors in CTX-induced POI and circadian rhythm
disruption.

To further identify the potential molecular exosomal
factors responsible for the therapeutic efficacy, the exoso-
mal miRNAs present in CM and E2-CM were analyzed.
As shown in Supplementary Figure S6, the E2-CM group
showed a significant higher exosome counts then the
CM group (Fig. S6A). The overall miRNA profiles in CM
and E2-CM showed that there are miRNA candidates
associated with apoptosis, POI, estrogen production,
circadian rhythm modulation, and estrogen-circadian
rhythm interactions (Figs. S6B—F). Figure 8A presented
the key miRNA candidates associated with ovarian func-
tion (folliculogenesis GO_001541 and estrogen synthe-
sis (KEGG), apoptosis (GO_0043065), and circadian
rhythm (GO_0032922), and in both CM and E2-CM.
Gene Set Enrichment Analysis (GSEA) of the four gene
sets, which show statistically significant concordance
with the corresponding four phenotypes of interest
(as used in Fig. 8A), is presented in Fig. S7. This inves-
tigation was accomplished using the miRDB version 6
database (http://mirdb.org/, [49]), and miRNA targets
sourced from miRDB were identified in MirTarget V4
(https://github.com/kassambara/miRTarget, [48]). Key
targeted genes, such as those involved in apoptosis (Cas-
pase-3, BIM), POI mitigation (PDCD4 and PTEN) [65,
66], estrogen synthesis (CYPI9A1), and ovarian circa-
dian genes (E4BP4, REV-ERBa, PER2), fibrosis (COL1A1I)
(Fig. 8B) were targeted along with their corresponding
and highly expressed miRNAs, which were identified
using TargetScan 8.0 (https://www.targetscan.org/vert_

(See figure on next page.)
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80/ [50, 51]). We included the mRNAs with a TargetScan
context+ +score<—0.2 for the general target analysis
(Fig. 8B). We observed that pcMSC-derived exosomal
miRNAs were involved in anti-apoptosis (let-7a-5p, let-
7b-5p, let-7f-5p, and miR-103a-3p for inhibition of Cas-
pase-3, miR-24-3p and miR-25-3p for targeting BIM),
POI rescue (miR-29a-3p, and miR-29b-3p for PTEN and
miR-16-5p, miR-21-5p for PDCD4), estrogen synthesis
(let-7a-5p, let-7b-5p, let-7f-5p, let-7i-5p), and ovarian
clock regulation (miR-199a-5p, miR-199b-5p, and miR-
128-3p for E4bp4; miR-24-3p, miR-432-5p for Rev-erba,
miR-191-5p, miR-24-3p for PER?2). In addition, there was
also the expression of fibrosis-related miRNAs such as
miR-29a-3p, miR-29b-3p for Collagen I (COLIAI).

The results pertaining to the interactions between
miRNAs and their target genes are presented in Table 1,
where only predominant miRNAs are highlighted. The
profiling of exosomal miRNAs revealed a considerable
secretion of miRNAs associated with cell longevity and
circadian rhythm modulation. Notably, some miRNAs
may simultaneously control two or three target genes
such as miR-103a-3p (Caspase-3, PTEN), miR-24-3p
(PER2, REV-ERBa, and BIM), miR-25-3p (PTEN, PER2
and BIM), miR-107 (Caspase-3, PTEN). Furthermore,
many of the let-7 family members are capable of targeting
both Caspase-3 and CYPI9A1. (Fig. 8B).

The expression levels of potential miRNA candidates
in each group were further quantified using Q-RT PCR
analysis. We found that E2 priming enhances the expres-
sion of miRNAs of ERTpcMSCs that regulate POI rescue
and circadian rhythm. As shown in Fig. 8C, the levels of
potential miRNA candidates were significantly higher in
the E2-CM group compared to the CM group, includ-
ing let-7a/b-5p (involved in apoptosis and estrogen syn-
thesis), miR-24-3p (related to apoptosis and circadian
rhythm), miR-16-5p (associated with POI rescue), miR-
199a/b-5p, miR-191-5p (linked to circadian rhythm), and
miR-29a-3p (related to POI rescue and fibrosis) (Fig. 8C).

The unique biosignature of ER-expressing MSCs in
repairing POI and circadian rhythm disruption was fur-
ther demonstrated by comparing the exosomal miRNA
profiles of ER-positive MSCs (pcMSCs) with those of

Fig.6 CM and E2-CM promoted angiogenesis in vitro and in vivo, possibly with angiogenin involvement. A Effects of CM/E2-CM on restoring
CTX-affected ovarian angiogenesis in mice. Confocal images of IF staining (a) and quantitative analysis (n=5) (b) for angiogenic marker CD31 (in
green) and VEGF-A (in red) in ovary tissues of each experimental group. Immunoblotting results for CD31 and VEGF-A (c) and their and quantitative
analysis (n=3) (d). B Protein component analysis of CM and E2-CM. Results obtained through cytokine array analysis. Nonconcentrated medium
pool from pcMSC passages 8-11. Total protein, 700 pg/ml. (@). Top eight abundant cytokines (b).). The concentration of Angiogenin in CM

and E2-CM was shown. ELISA, **p <0.01, Student ¢ test (n=8) (c). C Effects of CM and E2-CM on angiogenesis, as revealed through tube formation
assay using human HUVEC cells. Fluorescent images depicting tube formation labeled with Calcein AM in experimental groups. Anti-angiogenin
antibody used to neutralize angiogenin (a). Quantitation and statistical analysis of total tube length (b) and branching point number (c)

under various experimental condition (n=>5). *p <0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Tukey’s test
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ER-negative MSCs (BMMSCs, ADMSCs, and WJ-MSCs
(Data were referenced from Gene Expression Omni-
bus (GEO): GSE153752 (n=4), GSE153752 (n=4),
GSE153752 (n=4) correspond to BM, AD and W7J.), and
the miRNAs targeting apoptosis (Caspase 3, BIM), POI
rescue (PTEN, PDCD#4), estrogen synthesis (CYP11A1I),
circadian rhythm (PER2, Rev-erba, E4BP4), and fibrosis
(COL1AI) are illustrated. The significant differences in
miRNA expression profiles, especially targeting on the
POI and circadian rhythm disruption, were observed
between ER-positive pcMSCs and ER-negative MSCs
(BMMSCs, ADMSCs, and UC-MSCs) (Fig. S8).

Discussion
The present study is the first to demonstrate the thera-
peutic potential of the secretome derived from niche-
responsive estrogen receptor-positive (ER+) human
placenta—derived MSCs (ER*pcMSCs) in restoring both
the CTX chemotherapy-induced-POI and circadian
rhythm disorder in vivo and in vitro. It focused on the
potential growth factor angiogenin and exosomal miR-
NAs in ER"pcMSC secretome (CM and E2-CM). The
findings of this study can aid with the development of
niche-responsive MSC cellular therapy for chemother-
apy-induced POI and the circadian rhythm disruption.
The potential therapeutic effects of MSCs on POI
have been reported in both preclinical studies and clini-
cal trials. In addition to MSCs, CM obtained from vari-
ous MSC types have been shown to effectively restore
ovarian function in chemical-induced POI through
various mechanisms. For example, CM derived from
human umbilical cord MSCs has been demonstrated to
improve the ovarian reserve of the premenopausal ovary
through paracrine growth factors such as HGF, VEGE,
and IGF-1 [28]; such CM has also been reported to pre-
vent cisplatin-induced ovotoxicity through the G-CSF/
PI3K/Akt signaling pathway. CM from human menstrual
blood MSCs that contain high levels of FGF2 have been
demonstrated to reduce tissue fibrosis and promote fol-
licular growth [29]. Furthermore, CM derived from bone
marrow MSCs has been reported to increase the expres-
sion of steroidogenesis-related genes, such as aromatase
(CYP19A1) and StAR, which causes an increase in AMH

(See figure on next page.)
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and estrogen production in human granulosa cells [30].
CM can also promote angiogenesis in human ovarian
microvascular endothelial cells by upregulating the PI3K/
ALK pathway and increasing the expression of VEGF
receptor 2, Tie2/Tek, VE-cadherin, endoglin, and VEGF
[67]. However, no reports have considered the ovarian
niche in demonstrating the therapeutic effect of MSCs
or their secretome on POl-associated circadian rhythm
disruption. In the present study, CM and E2-CM derived
from ER*pcMSCs, which can respond to the ovarian
estrogen niche, were demonstrated to effectively restore
CTX-induced POI and circadian disruption.

We found that CTX led to significant alterations in
ovary size, morphology, and function, including poor
folliculogenesis and low E2 levels. Specifically, pcMSCs
expressed ERa to respond to the estrogen in the ovar-
ian niche. Treatment with CM and E2-CM derived from
ERTpcMSCs significantly improved ovarian morphology
and function in CTX-induced POI mice by restoring fol-
liculogenesis and steroidogenesis and enhancing granu-
losa cell viability; this was achieved by promoting cell
proliferation and reducing cell apoptosis. Crucially, our
data also demonstrated that the expression of molecular
clock genes is potentially involved in CTX-induced POI
pathogenesis and the estrogen synthesis is directly con-
trolled by the circadian clock through transcriptional ele-
ments. The CM and E2-CM derived from ER"pcMSCs
not only rescued the E2 levels and ovarian folliculogene-
sis but also corrected disruptions in the circadian rhythm
in this study’s CTX-induced POI mouse model (Figs. 1, 2,
4 and 5).

Studies have reported that Rora is crucial in the aro-
matase (CYP19A1l) pathway for E2 synthesis [61, 68,
69]. The expression of Cyp19al is regulated by the REV-
ERBa /RORA loop, where REV-ERBa acts as an inhibitor,
whereas RORA has an opposing effect [60, 61, 68, 69].
Additionally, the cholesterol side-chain cleavage enzyme
encoded by Cypllal initiates estrogen synthesis and is
under the inhibitory control of E4bp4 [64]. We demon-
strated, at both the gene and protein levels, that CTX
enhances the expression of factors that inhibit estrogen
synthesis such as REV-ERBa and E4BP4, thereby sup-
pressing the expression levels of both Cyp19al (Fig. 4A,

Fig. 7 ER"pcMSC-derived exosomes effectively restore the defects induced by 4-OOH-CP (8 pg/ml for 12 h) in the KGN cell model. The
experimental groups included the control group (Control group), the groups challenged with 4-OOH-CP then treated with: MDCD201 mock
medium only (Mock group), exosome-depleted conditioned medium (Exo-/CM group), exosomes only (Exo group), and conditioned medium

(CM group). A The effects of the various experimental groups on the protein expression of cleaved caspase-3 were shown. Immunofluorescence
staining and quantitative analysis (a, b; n=4) were performed, along with immunoblotting (c; n=4). B The protein expressions of Ki67 were shown.
Immunofluorescence staining and quantitative analysis (a, b; n=4) were conducted, along with immunoblotting for PCNA (c; n=4). C The protein
expression levels of REV-ERBa in various experimental groups were shown. Immunofluorescence staining and quantitative analysis (a, b; n=4) were
performed, along with immunoblotting for PCNA (¢; n=4). *p <0.05, **p <0.01, ***p <0.001. One-way ANOVA with Tukey’s test
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Loop 2) and Cypllal (Fig. 4A, Loop 3), and increas-
ing that of Per2 (Figs. 4C and 5E). This increase in Per2
explains the heterogeneous periods in the CTX-induced
POI group in the mouse model (Fig. 5B). Furthermore,
CTX significantly reduced the expression of the circa-
dian-related protein RORA in the POI group. Signifi-
cant changes in the Rora-associated expression of E4bp4,
Rev-erba, and Dbp were also observed (Fig. 4D and F).
These results clearly highlight the role of RORA in tran-
scriptional regulation through RRE and D-box elements
(Fig. 4A, Loop 2 and 3). The rhythmic disruption and
decrease of Rora expression may explain the reduction
of E2 in POI, which impairs transcriptional regulation
of both RRE-CYP10A1 (Fig. 4A, Loop 2) and D-box-
CYP11A1 (Fig. 4A, Loop 3).

We assessed the CYP19A1 and CYP11A1 protein lev-
els in ovarian tissues at ZT8 and ZT4, and our results
indicate that CM and E2-CM treatment effectively
reversed the CTX-induced suppression of CYP19A1 and
CYP11Al. Similarly, CM and E2-CM restored the CTX-
induced suppression of RORA protein levels in ovarian
tissues at ZT4. The expression patterns of REV-ERBa
and E4BP4 proteins exhibited an inverse relationship
to those of RORA and DBP (Fig. 4D and E). We identi-
fied enhanced expression of estrogen synthesis pathway
inhibitors such as REV-ERBa (Fig. 4D, F, and G) and
E4BP4 (Fig. 4E and H) in the POI group, which indicates
that the effects of CTX on the ovary are mediated by a
mechanism that disrupts the expression of clock-con-
trolled genes. Such disruptions can lead to changes in
the expression of downstream genes with respect to both
changes in expression levels (Cyp19al) and rhythmicity
(Rora, Cypllal). These results demonstrate the poten-
tial therapeutic effects of pcMSC-CM and E2-CM on the
ovarian clock in the CTX-induced POI mouse model.

The exosomal miRNAs in CM and E2-CM apparently
play a key role in reversing the effects of CTX on ovarian
function and circadian rhythm disruption. miRNAs have
been regarded as potential targeted therapeutic drugs
because of their ability to regulate mRNA expression.

(See figure on next page.)
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Researchers have used several miRNAs to treat POI in
mouse models, specifically targeting the genes of pri-
mordial follicle activation (Pten), apoptosis (Pdcd4) [65,
66, 70], ROS (SIRT4) [71], and oxidative stress (p38-
Mapk14) [72]. Some therapeutic potential of MSC exo-
somal miRNAs in treating POI have been reported. Both
miR-29a-3p and miR-21-5p, which were abundantly
expressed in our CM and E2-CM (Fig. 8A), have demon-
strated significant efficacy in this context [73, 74]. Addi-
tionally, miR-29a-3p has been shown to inhibit apoptosis,
promote proliferation in granulosa cell models, and pre-
serve and restore ovarian follicular function in mice [73].
Meanwhile, miR-21-5p, which is downregulated in the
peripheral blood of patients with autoimmune POI, has
also proven effective. Administration of exosomes loaded
with miR-21-5p successfully restored ovarian structure
and function in an autoimmune POI mouse model by
regulating the MSX1-mediated Notch signaling pathway
[74].

In the present study, we demonstrated the effects of
CM and E2-CM on CTX-induced apoptosis and Cas-
pase-3 expression in granulosa cells in vivo (Fig. 2) and
in vitro (Fig. 3). We also observed high expression lev-
els of several Caspase-3-associated miRNAs (i.e., let-7
family [-7a-5p, -7b-5p, -7f-5p, -7i-5p] and miR-103a-3p)
in pcMSC-derived exosomes. The let-7 family is also
recognized for its role in inhibiting premature ovar-
ian failure [75]. miR-24-3p has been shown to inhibit
apoptosis through suppressing the expression of BIM
[76, 77]. Abundant expression of miR-24-3p along
with other BIM-related miRNAs such as miR-25-3p,
miR-221-3p was also observed (Fig. 8B). Additionally,
miRNAs involved in ovary rescue, such as PTEN (e.g.,
miR-29a-3p, miR-29b-3p, and miR-25-3p), and PDCD4
(e.g., miR-16-5p, miR-21-5p, and miR-503-5p) were also
detected (Fig. 8B). In the present study, we observed that
one of the consequences of POI induced by ovarian tox-
ins is fibrosis (Fig. 2C). This is also consistent with other
POI models [78, 79], in which collagen I deposition has
explained the pathogenesis. We observed that pcMSC

Fig. 8 pcMSC Exosomal miRNA Profile. A Venn diagrams illustrates the overlap between pcMSC exosomal miRNAs from conditioned media (CM)
on the left and E2-primed conditioned media (E2-CM) on the right, with gene sets related to ovarian follicle development (GO_0001541), estrogen
synthesis (KEGG), apoptosis (GO_0043065), and circadian rhythm regulation (GO_0032922). The top miRNAs in the overlapping regions of these four
sets are listed in the right panel. B Predicted interactions between miRNAs and genes of interest were presented in a heat map. TargetScanHuman
8.0 was used to calculate the targetability score, with only the top miRNAs having a TargetScore context + + score of <-0.2 selected. Genes

of interest are categorized into groups such as apoptosis (Caspase-3, BIM), POl rescue (PDCD4, PTEN), estrogen synthesis (CYP19A1), circadian rhythm
(E4BP4, REV-ERBa, PER2), and fibrosis (COLTAT). The expression of miRNAs is expressed as log2 RPM (Reads Per Million). RPM ratio columns depict

the changes in miRNA expression after E2 priming. C Top miRNAs from each group were selected for gPCR analysis using miRNA-specific stem-loop
RT primers. The relative fold changes in miRNA expression after estradiol priming are plotted using the 2724 method. Absolute ACq and -AACq
values are shown in the right panel. Total RNA samples were isolated from exosomes across passages 6 to 9 (n=4). Student’s t-test was performed;

*$<0.05, *p <001
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Table 1 Putative interactions between miRNAs and their targets
Binding site of mRNA Predicted cnnsequenti?l pairing of target region Site type Context++ | Context++ 'scnre Weighted Conserved branch Per Pre(?icted log2(RPM) | log2(RPM) RPM ratio
T (top) and miRNA (bottom) score percentile context++ score length relative K, ™ E2-CM E2-CM/CM
317-324 of CASP3 3'UTR 5'...AGAACCACUAUGAAGCUACCUCA. . .
(NNRNAR! 8mer 05 928 -0.5 5814 0.95 -5.938 16.408 16098 [ 0.807
hsa-let-7a-5p 3 UUGAUAUGUUGGAUGAUGGAGU
317-324 of CASP3 3'UTR ' .. .AGAACCACUAUGAAG-CUACCUCA. . .
(RNAN! IANAN] 8mer -0.51 98 -0.51 5.814 0.95 -5.938 15.415 15264 | 0.901
hsa-let-7b-5p El UUGGUGUGUUGGAUGAUGGAGU
2678-2685 of BCL2L11 3' UTR | 5'...CAUAUUACUUAUCAACUGAGCCA. . .
[ARRARN] Smer -0.48 99 -0.4 7.139 0.84 -5.052 14.091 14.587 @ 1411
hsa-miR-24-3p 3 GACAAGGACGACUUGACUCGGU
4134-4141 of BCL2LI13' UTR  [5' ... AUUGCCACUUUACUUGUGCAAUA. . .
(AR 8mer -0.41 98 -0.09 7.203 0.95 -4.991 12.741 12.846 1075
hsa-miR-25-3p Bl AGUCUGGCUCUGUUCACGUUAC
42-249 of PDCD4 3'UTR 5'...AAGUGGAAUAUUCURAUAAGCUA. . .
(NNRNAR! 8mer -0.48 99 -04 8.012 0.84 -4.169 14.215 14048 ([ 0.890
hsa-miR-21-5p 3! AGUUGUAGUCAGACUAUUCGAU
392-398 of PDCD4 3'UTR 5'...AGGGGGUAAAGUUAAGCUGCURA. . .
(NN Tmer-Al -0.25 92 021 4.745 0.82 -4.684
hsa-miR-16-5p ' GCGGUUAUAAAUGCACGACGAU 16.495 16542 |4n1.033
676-683 of PTEN 3'UTR ' .. .UUUUUUAAAGCAUAUUGGUGCUA. . .
[NNRNAR! Smer -0.33 94 0.32 6.97 0.95 -4.905 15.664 15927  |fh 1.200
hsa-miR-29a-3p 3 AUUGGCUAAAGUCUACCACGAU
676-683 of PTEN 3' UTR 5'...UUUUUUAAAGCAUAUUGGUGCUA. . .
[ARRRAN 8mer -0.33 94 0.32 6.97 0.95 -5.017 13.324 13.175 W 0902
hsa-miR-29b-3p 3'  UUGUGACUAAAGUUUACCACGAU
81-87 of E4BP4 3'UTR 5'. . .AUUAUGCUGAAUUUUCACUGGAC. . .
(NNRNR] Tmer-Al -0.28 94 0.28 5.581 0.69 -2.891 13.766 13.803 [fh 1.026
hsa-miR-199a-5p 3'  CUUGUCCAUCAGACUUGUGACCC
81-87 of E4BP4 3'UTR 5'...AUUAUGCUGAAUUUUCACUGGAC. . .
(NN Tmer-Al -0.28 94 -0.28 5.581 0.69 -2.873 13.450 13597 |fp 1107
hsa-miR-199b-5p ' CUUGUCUAUCAGAUUUGUGACCC
144-150 of REV-ERBa 3'UTR |5 .. . UGAGCCUCUGGCCCCCUGAGCCU. . .
11 (NNRNAR! 7mer-m8 -0.24 94 0.23 1.95 0.27 -3.081 14.091 14587  [fh 1411
hsa-miR-24-3p 3 GACAAGGACGACUUGACUCGGU
122-128 of REV-ERBa 3'UTR  [5' ... AUUGUUAUAAAAUAUUCCAAGAU. . .
(RN Tmer-Al -0.21 92 -0.21 0.408 N/A -1.843 9.711 9602 (¥ 0927
hsa-miR-432-5p 3' GGUGGGUUACUGGAUGAGGUUCU
861-868 of REV-ERBB 3'UTR  [5'.. . UUCACAAUAUUUUAAACUGUGRA. . .
(NNRNAR Smer 0.27 96 -0.12 3712 0.55 -4.617 13.552 13539 | 0991
hsa-miR-27b-3p 3 CGUCUUGAAUCGGUGACACUU
861-868 of REV-ERBB 3'UTR  [5' . . . UUCACAAUAUUUUAAACUGUGAA. . .
[ARRRER} 8mer -0.27 96 -0.12 3.712 0.55 -4.617
hsa-miR-27a-3p 3" CGCCUUGAAUCGGUGACACUU 11.938 12029 |4p1.065
296-302 of PER2 3' UTR 5'...GAACAAAAGAARAAAUCCGUUAC. . .
(NNRNN] Tmer-Al -0.27 81 -0.27 0.105 N/A -3.237 14.464 14700  |fp 1178
hsa-miR-191-5p 3' GUCGACGAAAACCCUAAGGCAAC
4566-4572 of PER2 3' UTR 5'...UUUCUCUAUUUUAAACUGAGCCU. . .
[ 7mer-m§ -0.32 97 -0.32 4.891 0.61 -3.87 14.091 14587 |fh 1411
hsa-miR-24-3p EL GACAAGGACGACUUGACUCGGU
1106-1113 of CYP19A13' UTR  [5' .. . AAGUAUUUUUUARUCCUACCUCA. . .
(NNRNAR! Smer -04 95 04 3.582 0.86 -5.892 16.408 16008 | 0807
hsa-let-7a-5p 3 UUGAUAUGUUGGAUGAUGGAGU
1106-1113 of CYP19A1 3' UTR |5 .. . AAGUAUUUUUUAAUCCUACCUCA. . .
L 8mer -0.4 95 -04 3.582 0.86 -5.892 15.415 15264 | 0901
hsa-let-7b-5p Bl UUGGUGUGUUGGAUGAUGGAGU
923-930 of COL1A1 3' UTR 5'...UGGGGAGGGAAUCACUGGUGCUA. . .
[IRNANE Smer -1.24 99 -1.23 5.071 0.93 4592 15.664 15927  [fh 1200
hsa-miR-29a-3p 3! AUUGGCUAAAGUCUACCACGAU
923-930 of COL1A1 3' UTR 5'...UGGGGAGGGAAUCACUGGUGCUA. . .
(A Smer -1.24 99 -1.23 5.071 0.93 -4.658 13324 13175 | 0.902
hsa-miR-29b-3p 3! UUGUGACUAAAGUUUACCACGAU

For each target gene of interest, only the top two most abundant miRNAs with a TargetScan Context++ score of < - 0.2 are included. The data in the table were
sourced from TargetScan 8.0, and gene names, along with the pairing sequences between target genes and miRNAs, are highlighted in red

exosomes harbor abundant miR-29 family that is widely
known to inhibit fibrosis (Fig. 8B) [80, 81].
Female reproductive function is regulated by under

the circadian rhythms of the hypothalamic—pituitary—
gonadal (HPG) axis, which help maintain ovarian hor-
mone secretion and a regular reproductive cycle [58].
Estrogen has been identified as a key hormone in ovarian
function with findings indicating that disruptions to the
circadian rhythm can adversely affect estrogen levels [19,
82]. Estrogen and molecular clock components interact
to regulate gene expression, cell biology, and circadian
rhythm during the estrous cycle [19, 83, 84]. Disruptions
to the ovarian clock, or mismatches between the ovarian
clock and the central circadian oscillator, can lead to the
onset and progression of reproductive pathologies [57,
58].

Our study demonstrates the effects of CM and E2-CM
on CTX-induced circadian rhythm disorder involv-
ing the clock proteins RORA, REV-ERBa, E4BP4, DBP

(Fig. 4) and PER2 (Fig. 5). The miRNAs derived from
pcMSC-CM exosomes were involved in regulating ovar-
ian clock genes, including miR-199a-5p, miR-199b-5p,
and miR-128-3p for E4BP4; miR-24-3p and miR-432-5p
for REV-ERBa, miR-191-5p, miR-24-3p, and miR-34a-5p
for PER2. Notably, several highly expressed miRNAs
simultaneously target multiple genes: miR-24-3p targets
both PER2 and REV-ERBa, miR-25-3p targets PER2 and
PTEN, and miR-103a-3p targets Caspase-3 and PTEN.
Additionally, miR-625-5p can simultaneously target both
PER2 and REV-ERBu (Fig. 8B).

The expression levels of certain miRNAs were notably
elevated in both CM and E2-CM samples. Specifically,
let-7a-5p, let-7b-5p, let-7i-5p, and miR-24-3p were asso-
ciated with the regulation of apoptosis and estrogen syn-
thesis, while miR-199a-5p, miR-199b-5p, miR-24-3p, and
miR-191-5p were linked to the regulation of circadian
rhythm. Additionally, miR-29a-3p and miR-16-5p played
a role in follicle activation. These findings highlight the
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Fig. 9 Proposed working model: The ER"pcMSC secretome restores CTX-induced POI and circadian rhythm disorder in vitro and in vivo. E2

priming and characterization of ER*pcMSC-derived secretome (left column);

potential secreome factors, including cytokines and growth factors

and exosomal miRNAs (middle column); and in vitro KGN cell model and in vivo mouse animal model (right column) revealing potential underlying

mechanisms for restoring CTX-induced POl and circadian rhythm disruption

potential direction of miRNA therapy for POI and POI-
related circadian rhythm disorder.

The estrogen responding ERTMSCs are ideal can-
didates in treating CTX-induced POI and circadian
rhythm disruption. We found that E2 priming enhances
the expression of miRNAs that regulate POI rescue and
circadian rhythm. This was evidenced by qPCR assays
using miRNA-specific stem-loop RT primers to analyze
the top eight miRNAs representing the target groups of
interest. Notably, we observed E2 increased expression
of miRNAs that suppress apoptosis (let-7a/b-5p and
miR-24-3p), rescue POI (miR-16-5p and miR-29a-3p),
regulate circadian rhythm (miR-24-3p, miR-191-5p, and
miR-199a/b-5p), and exhibit anti-fibrotic properties
(miR-29a-3p) (Fig. 8C).

The coordinated time-dependent action of the HPG
axis has been reported to maintain physiological hor-
mone secretion and reproductive function in accordance
with the diurnal cycle. It is directly involved in the regu-
lation of ovarian steroid-associated genes such as StAR,

Cyp19al, Cypl7al, and Cypllal [58]. The reflection of
ovarian function manifests through the expression of
genes associated with steroid synthesis, exemplified by
aromatase (Cyp19al), wherein the secretion of estradiol
(E2) undergoes diurnal fluctuations [59]. Estradiol has
been reported to shorten the circadian period [85], while
CTX is known to prolong it [86]. Although hypothalamic
oscillators have been widely reported to regulate the tim-
ing of reproductive biology, our data demonstrate that
CM and E2-CM from ER*pcMSCs can repair the effects
of CTX on the clock genes associated with the SCN and
peripheral ovary tissues in POI mice. However, the role
of peripheral oscillators in ovarian function requires fur-
ther investigation. Therefore, the stem cell therapy imple-
mented in this study could potentially restore ovarian
estrogen production, thereby reestablishing balance in
the circadian rhythm when disrupted by CTX, and con-
sequently mitigating the adverse effects of CTX on ovar-
ian function.
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Conclusion

The present study is the first to demonstrate that the
pcMSC secretome (with or without E2 priming) can
respond to the ovarian niche and effectively restore ovarian
failure and circadian rhythm disruption both in vitro and
in vivo. The underlying mechanism in the present study’s
CTX-induced POI mouse model involved angiogenin-
related angiogenesis and granulosa cell viability. Notably,
our study shows that CM and E2-CM from ER*pcMSCs
can repair CTX-induced damage to the expression of
estrogen synthesis-related genes, including CypI9al,
Cypllal, and the ovarian clock-controlled genes such as
Rora, Rev-erba, E4bp4, and Dbp (Fig. 9). The findings from
the present study offer a valuable reference point for the
development of stem cellular therapy aimed at achieving
ovarian regeneration and diurnal rhythm improvement in
patients with chemotherapy-induced POI.
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VEGF-A Vascular endothelial growth factor A
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