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Exosomal miRNA-17-5p derived from human umbilical cord
mesenchymal stem cells improves ovarian function in
premature ovarian insufficiency by regulating SIRT7
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Abstract

Premature ovarian insufficiency (POI) is clinically irreversible in women over 40.

Although numerous studies have demonstrated satisfactory outcomes of mesenchy-

mal stem cell therapy, the underlying therapeutic mechanism remains unclear.

Exosomes were collected from the culture medium of human umbilical cord mesen-

chymal stem cells (hUMSCs) and assessed by electron microscopy and western blot

(WB) analysis. Then, exosomes were added to the culture medium of cyclophospha-

mide (CTX)-damaged human granulosa cells (hGCs), and the mixture was injected into

the ovaries of CTX-induced POI model mice before detection of antiapoptotic and

apoptotic gene expression. Next, the microRNA expression profiles of hUMSC-

derived exosomes (hUMSC-Exos) were detected by small RNA sequencing. The ame-

liorative effect of exosomal microRNA-17-5P (miR-17-5P) was demonstrated by

miR-17-5P knockdown before assessment of ovarian phenotype and function, reac-

tive oxygen species (ROS) levels and SIRT7 expression. Finally, SIRT7 was inhibited

or overexpressed by RNA interference or retrovirus transduction, and the protein

expression of PARP1, γH2AX, and XRCC6 was analyzed. The ameliorative effect of

hUMSC-Exos on POI was validated. Our results illustrated that hUMSC-Exos

restored ovarian phenotype and function in a POI mouse model, promoted prolifera-

tion of CTX-damaged hGCs and ovarian cells, and alleviated ROS accumulation by

delivering exosomal miR-17-5P and inhibiting SIRT7 expression. Moreover, our find-

ings elucidated that miR-17-5P repressed PARP1, γH2AX, and XRCC6 by inhibiting

SIRT7. Our findings suggest a critical role for exosomal miR-17-5P and its down-

stream target mRNA SIRT7 in hUMSC transplantation therapy. This study indicates

the promise of exosome-based therapy for POI treatment.
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1 | INTRODUCTION

Premature ovarian insufficiency (POI), also known as premature ovar-

ian failure (POF), is characterized by oocyte apoptosis, follicular atre-

sia, menstruation cessation and elevated plasma levels of follicle-

stimulating hormone (FSH), and the condition affects 1% of women

worldwide by the age of 40 (1). Although women with POF may

become pregnant after hormone replacement therapy and ovulation

induction (2), POF is clinically irreversible. In addition, hormone

replacement therapy increases the risk of cancer and posttreatment

recurrence, forcing patients to look for alternative therapies (3).

The multiple etiologies of POI include genetic factors, autoimmu-

nity, infection and idiopathic factors (4). Mitochondrial abnormalities

and oxidative stress (OS) have also been demonstrated to be related

to follicular atresia and POI (5-7). The past decade has witnessed sat-

isfactory outcomes of treatment with various types of mesenchymal

stem cells (MSCs) with regard to rescue of ovarian function in POI

models (8-11). Among MSCs, human umbilical cord MSCs (hUMSCs)

have been widely studied because of their easy isolation methods,

low immunogenicity, high proliferative capacity and self-renewal abil-

ity. However, the mechanisms by which transplanted hUMSCs restore

ovarian function, improve follicular development and regulate immu-

nity remain unclear (12,13).

One of the key mechanisms of MSC-induced therapeutic effects

is the paracrine activity of secreted factors, which are mediated by

extracellular vesicles (EVs) (10,14,15). Among the many subtypes of

EVs, exosomes are considered to be powerful cell-to-cell

communication-relevant components of the MSC secretome with low

immunogenicity and tumorigenicity (16,17). Exosomes released from

hUMSCs (hUMSC-Exos) are reported to suppress ovarian granulosa

cell apoptosis and regulate the immune response (18,19). These small

40-150 nm EVs carrying microRNAs (miRNAs) that regulate gene

expression may replace cell-based therapies for POI treatment.

An exosomal miRNA (miR-10a) from amniotic fluid stem cells has

been reported to rescue cyclophosphamide (CTX)-induced POF (20).

In addition, the hUMSC-derived exosomal miRNAs miR-100 and miR-

146a can accelerate vaginal epithelial cell proliferation (21). Moreover,

miRNAs including miR-93, miR-34a, miR-214, and miR-217 have been

reported to control reactive oxygen species (ROS) levels in OS-driven

aging diseases (22). Nevertheless, the miRNA expression profile of

hUMSC-Exos and the downstream target mRNAs have never been

investigated.

miRNA-17-5P (miR-17-5P) has been reported to be a key regula-

tor of the G1/S phase cell cycle transition (23). Moreover, miR-17-5P

overexpression suppresses apoptosis and promotes proliferation,

migration and invasion of ovarian cancer cells (24). Sirtuins, which are

divided into 7 classes (SIRT1 to SIRT7), are major regulators of cellular

responses to metabolic, oxidative and genotoxic stresses (25). SIRT7

deficiency contributes to accelerated aging and defective embryogen-

esis (25,26). However, there is a lack of understanding about the

mechanisms by which SIRT7 and miR-17-5P alleviate POI and regu-

late OS-related activities. In addition, the interaction between miR-

17-5P and SIRT7 has never been investigated.

In this study, hUMSC-Exos inhibited apoptosis of CTX-damaged

human granulosa cells (hGCs), alleviated OS and rescued ovarian phe-

notype and function in a CTX-induced POI mouse model. Moreover,

hUMSC-Exos suppressed the expression of SIRT7 and its downstream

target gene by activating miR-17-5P.

2 | MATERIALS AND METHODS

2.1 | Isolation and Culture of hUMSCs

hUMSCs were obtained from Suzhou Municipal Hospital. Informed

consent was given by donors before their full-term umbilical cords

were obtained. Briefly, the digested cells were seeded in 10 cm2 cul-

ture dishes at a density of 1 × 107 cells/cm2 and cultured in an incu-

bator at 37�C with 5% CO2. The isolated cells were fed every third

day. After removing nonadherent cells, hUMSCs were obtained. Cells

at passages 3-5 were used for this study.

2.2 | Isolation of Primary hGCs from POI Patients

hGCs were voluntarily donated by POI patients. The ethics committee

of Suzhou Municipal Hospital approved the use of hGCs for the fol-

lowing experiments. All patients were informed, and written consent

was obtained. All information about the samples and patients was

anonymized. After centrifugation at 560 × g for 3 min, hGCs were iso-

lated. Then, the hGCs were washed in serum-free DMEM/F12

medium 3 times. Next, the hGCs were cultured in DMEM/F12

medium supplemented with 10% FBS. The following experiments

were conducted on the third day after cell culture.

2.3 | Preparation of hUMSC-Exos

Exosomes were obtained from the culture medium of hUMSCs. In

detail, hUMSCs at passage 3 were seeded on culture plates and

reached 80% confluence at 5 days. Then, conditioned medium with

exosome-depleted FBS (Thermo Fisher, USA) was collected after cul-

turing for 48 h. To remove cells, the collected medium was
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centrifuged at 300 × g for 10 min at 4�C followed by filtration

through 0.22 μm filters. Then, the supernatant was centrifuged at

3000 × g for 15 min at 4�C to again filter cells and debris. The super-

natant was collected carefully and mixed with ExoQuick precipitation

solution (SBI, USA). After incubating the mixture overnight at 4�C,

exosomes were isolated by centrifugation at 1500 × g for 30 min at

4�C. The formed exosome pellets were dissolved in PBS before being

added to the culture medium of CTX-damaged hGCs. The exosomes

were labeled with CM-Dil Dye (Sigma-Aldrich, USA), a molecular

probe, following the manufacturer's instructions before injection into

the POI model mice.

2.4 | Experimental Animals and POI Mouse Model
Establishment

All the experimental procedures in this study were conducted follow-

ing the recommendations of the Association for Research in Repro-

ductive Function and were approved by the Ethics Committee of

Nanjing Medical University (approval number: 20170480). Ten-week-

old female specific pathogen-free (SPF)-grade C57B6L/J mice were

purchased from the Institute of Animal Research at Nanjing Medical

University. In this study, the mice were equally and randomly divided

into four groups: the wild-type (WT) group (n = 10), the CTX-induced

POI model group (POI group, n = 10), the CTX-induced POI model

group treated with exosomes from hUMSCs (Exos/POI group, n = 10),

and the CTX-induced POI model group treated with exosomes from

miR-17-5P-knockdown hUMSCs (hUMSC-miR-17-5PKD) (Exosanti-miR-

17-5p/POI group, n = 10). The WT mice were not given any treatment.

To establish the POI mouse model, CTX (Sigma, USA) was injected at

a dose of 120 mg/kg. At least three biological replicates were used

during the experiments. The operators were blinded to the treatment

during data acquisition and analysis.

2.5 | Gene Overexpression via Retrovirus
Transduction

To overexpress SIRT7 in hGCs, we amplified the SIRT7 coding

sequence from human gDNA. Then, we cloned the SIRT7 coding

sequence into the BglII and SalI sites of the retroviral vector pLNCX2

(Clontech, USA) at a multiplicity of infection (MOI) of 5. Retrovirus

transduction was performed by culturing hUMSCs with retroviral or

control plasmids in a 37�C incubator with 5% CO2 for 48 h. Then, the

cells were centrifuged at 1000 × g for 10 min to remove residual ret-

rovirus in the supernatant. Next, the hUMSCs were cultured with

medium containing 1000 mg/mL G418 for 2 weeks to select

retrovirus-infected cells. SIRT7 overexpression was measured by

detecting target protein levels.

2.6 | Ovarian Follicle Counting

At 4 weeks post transplantation, the mice were euthanized, and the

bilateral ovaries were removed and fixed in 10% paraformaldehyde

for 2 h. Then, the ovaries were embedded in paraffin and sectioned

with a thickness of 5 μm. Five sections were collected from each

ovary. The ovarian structure and follicle phenotype were shown by

staining with hematoxylin and eosin (HE). The total follicles and antral

follicles were counted. Every follicle containing an oocyte was coun-

ted once to avoid recounting. Every experiment was repeated at least

three times. The results are presented as the fold change ±

SD. P < 0.05 was considered to indicate significance.

2.7 | Metabolite Assay

For the metabolite assay, 0, 24, 48, and 72 h-cultured hGCs were

extracted. The levels of triglyceride (Triglyceride Assay Kit, Abcam,

USA), glycogen (Glycogen Assay Kit II, Abcam, USA), trehalose

(Trehalose Assay Kit, MyBioSource, USA) and glucose (Glucose Assay

Kit, Abcam, USA) were quantified by a spectrophotometer (Varian

Company, Australia) following the instructions. A minimum of three

assays were performed, and the outcomes are shown as the fold

change ± SD. P < 0.05 indicated significance.

3 | RESULT

3.1 | hUMSC-Derived Exosomes Rescued CTX-
Damaged hGCs and Ovaries from Apoptosis

First, exosomes were obtained from hUMSCs using conventional dif-

ferentiation centrifugation methods. hUMSC-Exos were confirmed as

mean diameters of 141.6 nm and revealed the classic characterization

of cup-shaped morphology (Figure S1A-B). The protein-level expres-

sion of classical exosomal markers (CD9, CD63, and CD81) was

detected in isolated hUMSC-Exos (Figure S1C). Besides, FACS

method indicated that the hUMSCs and hUMSC-Exos group were

expressed the markers CD9, CD63 and CD81 as shown in

Figure S1D.

To verify the restorative role of hUMSC-Exos and the optimal

treatment dose, four doses of hUMSC-Exos (0 particles/ml, 1010

particles/ml, 5 × 1010 particles/ml and 1011 particles/ml) were added

to the culture medium of CTX-damaged hGCs for 48 h. We detected

the expression of proliferation markers (PCNA and KI67) using FACS,

and our results demonstrated that the proliferation rates of CTX-

damaged hGCs were dramatically upregulated in the 5 × 1010 (57.7%)

and 1011 particles/ml groups (78.1%) compared with the 0 particles/ml

group (13.9%), as shown in Figure 1A. Moreover, the western blot

(WB) assay results indicated significant inhibition of the expression of

SIRT7 and its candidate downstream target genes (γH2AX, PARP1

and XRCC6) in the 1010, 5 × 1010 and 1011 particles/ml groups com-

pared with the 0 particles/ml group (Figure 1B-C). The expression of
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antiapoptotic markers (SURVIVIN and BCL2) was significantly

increased in the 1011 particles/ml group compared with the

0 particles/ml group (Figure 1D-E). The expression of apoptotic

markers (FAS and CASPASE8) was significantly decreased in the 1010,

5 × 1010 and 1011 particles/ml groups compared with the

0 particles/ml group (Figure 1F-G). Taken together, the results show

that hUMSC-Exos improved proliferation and suppressed apoptosis in

CTX-damaged hGCs in vitro in a dose-dependent manner. Moreover,

hUMSC-Exos suppressed the expression of SIRT7 and its candidate

downstream target genes in CTX-treated hGCs in vitro. Among the

four doses, 1011 particles/ml hUMSC-Exos showed the most effective

rescue outcomes.

To further investigate the optimal dose of hUMSC-Exos for the

treatment of POI disease, four doses of hUMSC-Exos were injected

into the ovaries of CTX-treated POI model mice (POI mice). The

injected exosomes were observed and traced in the ovaries of POI

mice by labeling them with CM-Dil dye, as shown in Figure 2A. At

28 days after hUMSC-Exos treatment, the POI mice were sacrificed,

and their ovaries were sectioned and stained for the ovarian marker

MVH and the proliferation marker BrdU. Immunofluorescence images

showed that BrdU+ cells were rarely observed in the POI ovaries of

the 0 and 1011 particles/ml treatment groups. The percentage of

BrdU+ cells in POI ovaries was dramatically increased in the 1012

particles/ml group compared with the 0, 1011 and 5 × 1011

particles/ml groups (Figure 2B). In addition, the protein levels of SIRT7

and its candidate downstream target genes (γH2AX, PARP1, and

XRCC6) in ovaries were significantly repressed in the 5 × 1011 and

1012 particles/ml groups compared with the 0 particles/ml group

(Figure 2C-D). Furthermore, the expression of antiapoptotic markers

(NANOS3 and BCL2) in CTX-damaged ovaries was significantly

increased after treatment with hUMSC-Exos at the 1011, 5 × 1011

and 1012 particles/ml concentrations (Figure 2E-F). The expression of

apoptotic markers (FAS and CASPASE8) in CTX-damaged ovaries was

significantly decreased after treatment with 5 × 1011 and 1012

particles/ml hUMSC-Exos (Figure 2G-H). In summary, hUMSC-Exos

injection upregulated proliferation rates and downregulated apoptosis

rates in POI mouse ovaries in a dose-dependent manner. Additionally,

hUMSC-Exos ovarian injection inhibited the expression of SIRT7 and

its candidate downstream target genes in POI mouse ovaries. Among

the four doses, 1012 particles/ml hUMSC-Exos injection showed the

most beneficial restorative effect.

3.2 | miRNA Expression Profile of hUMSC-Derived
Exosomes

The small RNA expression profile of hUMSC-Exos was investigated

using Illumina HiSeq 2500 high-throughput sequencing (miRNA-seq).

A total of six exosome samples were harvested from hUMSCs and

human dermal fibroblasts (HDFs). Hierarchical clustering analysis

showed different miRNA expression signatures between hUMSC-

Exos and HDF-Exos samples (Figure 3A). The 6 most abundant

miRNAs in the hUMSC-Exos samples included miR-199a-5p, miR-

100-5p, miR-224-5p, miR-17-5P, miR-370-3p and miR-409-3p

(Figure 3A). Real-time qPCR analysis was conducted to further deter-

mine the levels of these 6 highly expressed miRNAs. miR-17-5P

exhibited the highest fold elevation (approximately 10-fold) among

these top 6 miRNAs enriched in hUMSC-Exos samples (Figure 3B).

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis

highlighted the top 20 pathways that were strongly activated in

hUMSC-Exos samples, which were associated with cell proliferation

(PI3K-AKT signaling pathway, cell growth and death) and OS (Notch

signaling pathway, aging), as shown in Figure 3C. According to compu-

tational prediction analysis, miR-17-5P inhibits SIRT7 expression by

binding to the 30 untranslated region (3’ UTR) of SIRT7 mRNA. Addi-

tionally, the target site of miR-17-5P is highly conserved among verte-

brates (Figure 3D). Collectively, the miRNA-seq results indicated the

critical role of exosomal miR-17-5P among hUMSC-Exos and its can-

didate downstream target, SIRT7.

3.3 | miR-17-5P Mediated the Ameliorative Effect
of hUMSC-Exos on a CTX-Induced POI Mouse Model

Then, hUMSC-Exos or hUMSC-Exosanti-miR-17-5p were injected into

the ovaries of POI model mice at a concentration of 1012 particles/ml

(for the Exos/POI and Exosanti-miR-17-5p/POI groups, respectively). A

CTX-damaged POI mouse model group with no treatment (the POI

group) was used as a negative control. The restorative effect of exo-

somal miR-17-5P on ovarian phenotype was assessed by counting fol-

licles and measuring the hormone levels, weights and sizes of ovaries

in POI mice at 14 and 28 days after injection. Our results showed that

the numbers of antral and total follicles were progressively and signifi-

cantly increased in the ovaries of the Exos/POI group compared with

those of the normal group (NG) and the Exosanti-miR-17-5p/POI group

from 14 to 28 days post treatment (Figure 4A-B). The sizes and

weights of POI ovaries were significantly increased in the hUMSC-

Exos group compared with the hUMSC-Exosanti-miR-17-5 group at

28 days post treatment (Figure S2A).

The serum hormone levels and fetus numbers of mice were mea-

sured at 28 days after injection to illustrate the rescue effect of exo-

somal miR-17-5P on ovarian function. According to the hormone test

results, the serum levels of E2 and AMH were significantly and pro-

gressively elevated in the hUMSC-Exos group compared with the POI

and hUMSC-Exosanti-miR-17-5p groups from 2 to 4 weeks post injection

(Figure 4C and E). In contrast, the serum level of FSH was significantly

and progressively downregulated in the hUMSC-Exos group com-

pared with the POI and hUMSC-Exosanti-miR-17-5p groups from 2 to

4 weeks post injection (Figure 4D). Counting of fetus numbers rev-

ealed that the hUMSC-Exos group showed better reproductive func-

tion than the POI and hUMSC-Exosanti-miR-17-5p groups (Figure S2B).

The proliferation and apoptosis rates of ovarian cells were also

examined. The FACS results showed that the percentage of KI67+

cells among ovarian cells was significantly increased and that the per-

centage of ANNEXIN V+ cells among ovarian cells was significantly

decreased in the hUMSC-Exos group (KI67+ cells 68.29%, ANNEXIN
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V+ cells 4.53%) compared with the POI group (KI67+ cells 7.21%,

ANNEXIN V+ cells 78.15%) and the hUMSC-Exosanti-miR-17-5p group

(KI67+ cells 9.96%, ANNEXIN V+ cells 62.44%), as shown in

Figure 4F-G. In summary, hUMSC-Exos preserved ovarian prolifera-

tion, phenotype and function by delivering miR-17-5P.

3.4 | hUMSC-Exos Repressed ROS Accumulation
in POI hGCs and Oocytes by Delivering miR-17-5P

Since OS is involved in the pathology of POI, the ROS levels in POI

models after hUMSC-Exos treatment were detected. To investigate

the regulatory role of miR-17-5P, hUMSC-Exos and hUMSC-Exosanti-

miR-17-5p were added to the culture medium of POI hGCs (for the

Exos/POI and Exosanti-miR-17-5p/POI groups, respectively). The ROS

level in CTX-damaged hGCs (79%) was dramatically decreased to 8%

after treatment with hUMSC-Exos. In addition, the ROS level in the

Exos/POI group was significantly lower than that in the Exosanti-miR-

17-5p/POI group (70%), as shown in Figure 5A. An in vitro starvation-

induced OS-activated POI model was established by culturing hGCs

with FBS-free medium for 48 h. Then, hUMSC-Exos or hUMSC-

Exosanti-miR-17-5p were added to the culture medium. According to our

results, energy metabolism-related substances (triacylglycerol [TAG],

glycogen, trehalose and glucose) in starved hGCs were significantly

increased after treatment with hUMSC-Exos for 24 to 48 h. These

energy metabolism-related substances were significantly elevated in

the Exos/POI group compared with the Exosanti-miR-17-5p/POI group

(Figure 5B-E). The expression of ROS and SIRT7 were tested in POI

mouse oocytes, Exos/POI and Exosanti-miR-17-5p/POI group by immu-

nofluorescence assay (Figure 5F). The resutls elucidated the signifi-

cantly downregulated ROS levels and SIRT7 expression in oocytes in

the Exos/POI group compared with the POI and Exosanti-miR-17-5p/POI

treatment groups (Figure 5G-H). In summary, our results demon-

strated the critical role of exosomal miR-17-5P from hUMSC-Exos in

repressing ROS levels in POI hGCs and oocytes.

3.5 | Exosomal miR-17-5P Inhibited SIRT7
Expression and Suppressed ROS Accumulation in a
CTX-Induced POI Mouse Model

To verify that SIRT7 is the target of miR-17-5P, hUMSC-Exos and

hUMSC-Exosanti-miR-17-5p were injected into the ovaries of POI model

mice, and the expression of SIRT7 and its candidate downstream tar-

get genes (γH2AX, PARP1, and XRCC6) was detected. To set up a

negative control group, CTX-induced POI model mice were given no

treatment (the POI group). According to our WB results, the protein

levels of SIRT7, γH2AX, PARP1 and XRCC6 in the ovaries of the

Exos/POI group mice were all 2-fold lower than those in the ovaries

of the Exosanti-miR-17-5p/POI group mice (Figure 6A-D). The expression

of SIRT7, γH2AX, PARP1 and XRCC6 were tested in POI mouse

ovary, Exos/POI and Exosanti-miR-17-5p/POI group by immunofluores-

cence assay (Figure 5E). Immunofluorescence photographs of mouse

ovaries showing significantly decreased luciferase activity associated

with SIRT7, γH2AX, PARP1 and XRCC6 expression in the Exos/POI

group compared with the Exosanti-miR-17-5p/POI group (Figure 6

and6G). Moreover, the FACS results indicated that ROS levels in ova-

ries were significantly attenuated in the Exos/POI group compared

with the Exosanti-miR-17-5p/POI group (Figure 6H). Collectively, our

results indicated that SIRT7 is the target of exosomal miR-17-5P. In

addition, hUMSC-Exos repressed ROS accumulation by delivering

miR-17-5P.

3.6 | Exosomal miR-17-5P Downregulated PARP1,
γH2AX, and XRCC6 Expression and ROS
Accumulation by Inhibiting SIRT7

First, the regulatory role of miR-17-5P in suppressing the expression

of SIRT7 and its candidate target genes (PARP1, γH2AX, and XRCC6)

was further demonstrated in POI hGCs by the WB method. hUMSC-

Exos (for the Exos group), hUMSC-Exosanti-miR-17-5p (for the Exosanti-

miR-17-5p group) and hUMSC-Exos with exosomal inhibitor (for the

Exos/i group) were added to culture medium of POI hGCs. POI hGCs

with PBS treatment were used as negative controls (the PBS group).

Normal hGCs with no CTX or exosome treatment were used as posi-

tive controls (NG). The results showed that the expression of SIRT7,

PARP1, γH2AX and XRCC6 was significantly suppressed in the Exos

treatment group compared with the Exosanti-miR-17-5p and Exos/i treat-

ment groups (Figure 7 A-D).

Next, to unveil the SIRT7 downstream regulatory pathways, the

expression of SIRT7 in normal hGCs was knocked down (producing

hGCs-SIRT7KD) and overexpressed (producing hGCs-SIRT7OE) using

siRNA and a retrovirus, respectively. The protein levels of SIRT7,

PARP1, γH2AX and XRCC6 in normal hGCs were 2.5-fold, 2-fold,

2-fold and 2-fold decreased in hGCs-SIRT7KD (Figure 7E-H) and

2-fold, 3-fold, 2-fold and 2-fold increased in hGCs-SIRT7OE, respec-

tively (Figure 7I-L). In addition, the expression levels of SIRT7, PARP1,

γH2AX and XRCC6 in hGCs-SIRT7KD were 2-fold, 4-fold, 5-fold and

3-fold lower, respectively, after Exos treatment than after Exosanti-miR-

17-5p treatment (Figure 7E-H), while the expression levels of these

molecules in hGCs-SIRT7OE were 3-fold, 2-fold, 3-fold and 2-fold

higher, respectively, after Exos treatment than after Exosanti-miR-17-5p

treatment (Figure 7I-L).

After exosome treatment, the ROS levels in hGCs-SIRT7KD and

hGCs-SIRT7OE were also analyzed. The FACS results revealed that

ROS levels were greatly increased in hGCs-SIRT7KD (42.25%) and

hGCs-SIRT7OE (81.23%) compared with normal hGCs (11.56%,

Figure 7M and N). In addition, the ROS levels in hGCs-SIRT7OE

treated with hUMSC-Exos (18.66%) were dramatically lower than

those in hGCs-SIRT7OE treated with hUMSC-Exosanti-miR-17-5p

(80.25%, Figure 7M). The ROS levels in hGCs-SIRT7KD treated with

hUMSC-Exos (13.22%) were dramatically lower than those in hGCs-

SIRT7KD treated with hUMSC-Exosanti-miR-17-5p (43.58%, Figure 7N).

Taken together, our results demonstrated that hUMSCs repressed the

expression of SIRT7, PARP1, γH2AX and XRCC6 in POI hGCs by

DING ET AL. 5



delivering exosomal miR-17-5P. SIRT7 was the upstream regulator of

PARP1, γH2AX and XRCC6. Furthermore, exosomal miR-17-5P

suppressed ROS accumulation by inhibiting SIRT7.

4 | DISCUSSION

In this study, the rescue effect of exosomes from hUMSCs on POI

was demonstrated in vitro and in vivo. The exosomes increased the

proliferation rate and decreased the apoptosis rate in POI hGCs and

ovaries in a dose-dependent manner (Figure 1 and 2). Consistent with

our findings, hUMSCs and hUMSC-Exos have been reported to pre-

serve ovarian function in POI mice (12,15,18,20). Previous studies

have also reported that exosomes from human adipose MSCs and

amniotic fluid stem cells can restore ovarian function after CTX-

induced damage (18,20). In addition, the expression levels of SIRT7

and its candidate downstream target genes were downregulated after

hUMSC-Exos treatment in this study. Previous studies have also

supported our conclusion, reporting that SIRT7 depletion suppresses

apoptosis in various kinds of cells (27-29). Overall, these results are

the first to reveal the exosome-mediated therapeutic effect of

hUMSCs.

Upon detecting miRNA expression profiles, we found that miR-

17-5P was highly expressed in hUMSC-Exos, and we predicted SIRT7

to be the target of miR-17-5P (Figure 3). Based on the miRNA

sequencing outcomes, we further verified the critical role of exosomal

miR-17-5P in preserving ovarian function, phenotype and prolifera-

tion (Figure 4 and Figure S2). According to our results, exosomal miR-

17-5P mediated increases in follicle number, ovarian size and fetus

number after hUMSC-Exos injection (Figure 4 and Figure S2). In sup-

port of our outcomes, a previous study has shown that miR-17-5P is

necessary for corpus luteum development (30). miR-17-5P has also

been reported to promote proliferation and suppress apoptosis

(31-33). Other miRNAs, including miR-125b-5p, miR-21, and miR-

146a, have been found to be enriched in MSC-Exos, regulating inflam-

mation, promoting proliferation and showing curative effects (34,35).

Starvation can activate OS in ovaries, leading to increased apo-

ptosis, altered metabolism, impaired ovarian function and follicle loss

(36,37). Upon knocking down miR-17-5P in hUMSCs, we elucidated

that hUMSC-Exos repressed ROS levels in POI hGCs, oocytes and

ovaries by delivering miR-17-5P (Figure 5 and 6). In addition, we

showed that SIRT7 was the target gene of miR-17-5P in the context

of OS regulation (Figure 5 and 6). Consistent with our results, sirtuins,

including SIRT7, have been reported to be key activators of antioxi-

dant and redox signaling (38,39).

To the best of our knowledge, this is the first study illustrating

that exosomal miR-17-5P restores ovarian function, rescues CTX-

damaged hGCs and alleviates OS by inhibiting the expression of SIRT7

and its downstream target genes (PARP1, γH2AX and XRCC6)

(Figure 7). γH2AX, XRCC6 and PARP1 are critical mediators of DNA

repair (25,40). The dephosphorylation of γH2AX promotes DNA

double-strand break repair in oocytes (41,42). ROS induce DNA dam-

age and activate γH2AX to inhibit cell growth (43). Moreover, γH2AX

is involved in embryonic development (44), stem cell self-renewal (45)

and aging (46). XRCC6 protects cells from DNA damage by encoding

the protein Ku70, which binds broken DNA ends and represses BAX-

induced apoptosis (47-49). Poly (ADP-ribose) polymerase (PARP1)

plays crucial roles in repairing DNA damage and facilitating cell cycle

progression, follicular development and atresia formation (50). PARP

inhibition also reduces ROS production (51). Previous studies have

reported interactions among PARP1, γH2AX, XRCC6 and SIRT7

(26,40,52). Here, we clarified that hUMSC-Exos treatment produced a

therapeutic effect and inhibited PARP1, γH2AX, and XRCC6 by deliv-

ering exosomal miR-17-5P and therefore suppressing its downstream

target mRNA SIRT7.

Exosomes, which mediate cell–cell communication by delivering

DNAs, RNAs and proteins, are ideal drug delivery vehicles. First, com-

pared with stem cells, they are safe, with no tumorigenic tendencies.

Second, MSC-derived nonimmunogenic exosomes are well tolerated

in vivo, with longer circulating half-lives and lower immunogenicity

than cells. Third, hUMSCs are convenient and cost-effective sources

of exosomes for drug delivery. Therefore, hUMSC-Exos hold great

promise as a therapeutic agents. However, there are still some obsta-

cles to the application of hUMSC-Exos for POI treatment: a scalable

and less expensive method for producing and purifying exosomes is

urgently needed, and the homing and immunomodulatory effects of

hUMSC-Exos need further investigation.

In conclusion, our findings reveal that hUMSC-Exos rescue POI

and repress ROS accumulation by downregulating the expression of

SIRT7 and its downstream target genes (PARP1, γH2AX and XRCC6)

via delivery of exosomal miR-17-5P. This study not only clarifies the

underlying mechanism of hUMSC-Exos treatment but also provides

insight into the potential of exosomal miRNA-based therapy.
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F i gu re 1 hUMSC-Exos inhibited apoptosis and SIRT7 expression in CTX-damaged hGCs
(A) FACS scatter plots showing that hUMSC-Exos increased the percentages of PCNA+/KI67+ cells among CTX-damaged hGCs in a dose-
dependent manner.
(B) Protein-level analysis indicating that hUMSC-Exos suppressed SIRT7 expression in CTX-damaged hGCs in a dose-dependent manner.
(C) WB results illustrating that hUMSC-Exos inhibited the expression of γH2AX, PARP1 and XRCC6 in CTX-damaged hGCs in a dose-dependent
manner.
(D-E) WB analysis showing that the protein levels of antiapoptotic genes (SURVIVIN and BCL2) in CTX-damaged hGCs were significantly
elevated in the 1011 particles/ml group compared with the 0 particles/ml group.
(F-G) WB results showing that the expression of apoptotic genes (FAS and CASPASE8) was significantly elevated in CTX-damaged hGCs after
treatment with 1011 particles/ml hUMSC-Exos. *** P < 0.001 vs the 0 particles/ml group. All experiments were repeated three times; the error
bars indicate the SDs.
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F i gu re 2 hUMSC-Exos repressed apoptosis and SIRT7 in the CTX-induced POI mouse model
(A) Fluorescence microscopy image of a mouse ovarian section showing the presence of the transplanted CM-Dil-labeled (red) hUMSC-Exos and
the expression of BrdU (green). Scale bar = 20 μm.
(B) Fluorescence microscopy view of mouse ovarian sections showing proliferated mouse ovarian cells, as revealed by staining for MVH (red) and
with BrdU (green). Scale bar = 20 μm.
(C-D) WB results illustrating that hUMSC-Exos transplantation suppressed SIRT7, PARP1, γH2AX and XRCC6 expression in the CTX-induced POI
mouse model in a dose-dependent manner.
(E-F) Protein-level analysis indicating that hUMSC-Exos transplantation increased antiapoptotic gene (NANOS3 and BCL2) expression in the CTX-
induced POI mouse model in a dose-dependent manner.
(G-H) Protein-level analysis indicating that hUMSC-Exos transplantation decreased apoptotic gene (BAX and CASPASE8) expression in the CTX-
induced POI mouse model in a dose-dependent manner. *** P < 0.001 vs the 0 particles/ml group. All experiments were repeated three times; the
error bars indicate the SDs.
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F i gu re 3 miRNA profile of hUMSC-Exos
(A) Heat map showing the miRNA expression profiles in three hUMSC-Exos samples and three HDF-Exos samples. The top 6 miRNAs enriched in
hUMSC-Exos samples are highlighted in the box.
(B) qPCR was used to detect miRNA expression in hUMSC-Exos and HDF-Exos samples. Our outcomes demonstrated that the expression of
miRNA-17-5P was 6-fold higher in hUMSC-Exos samples than in HDF-Exos samples.
(C) KEGG analysis demonstrating the top 20 pathways enriched for the miRNAs that were upregulated in hUMSC-Exos samples.
(D) Sequence alignment of miRNA-17-5P and its predicted target sites in the SIRT7 mRNA 3’ UTR.

DING ET AL. 11



F i gu re 4 hUMSC-Exos restored follicular numbers and hormone levels in the CTX-induced POI mouse model by releasing miR-17-5P
(A-B) HE staining showing the morphology of follicles in different groups at 14 and 28 days after injection. Scale bars = 100 μm. The numbers of
antral follicles and total follicles per ovary were determined at 28 days after injection. Our results showed that the numbers of antral and total
follicles were significantly elevated in the Exos/POI group compared with the Exosanti-miR-17-5p/POI group.
(C-E) Hormone levels in mice in different groups after transplantation. Our results showed that the serum E2 levels were significantly elevated in
the Exos/POI group compared with the POI group and the Exosanti-miR-17-5p/POI group from 1 to 4 weeks post transplantation (C). The serum
FSH level was significantly repressed in the Exos/POI group compared with the POI group and the Exosanti-miR-17-5p/POI group from 2 to 4 weeks
post transplantation (D). The serum AMH level was significantly elevated in the Exos/POI group compared with the POI group and the Exosanti-
miR-17-5p/POI group from 2 to 4 weeks post transplantation (E).
(F) FACS outcomes indicating that ovarian KI67 expression was dramatically elevated in the Exos/POI group compared with the POI group and
the Exosanti-miR-17-5p/POI group.
(G) FACS outcomes illustrating that ovarian ANNEXIN V expression was dramatically downregulated in the Exos/POI group compared with the
POI group and the Exosanti-miR-17-5p/POI group. WT = wild-type mice, POI = CTX-induced POI model mice, Exos/POI = CTX-induced POI model
mice treated with exosomes from hUMSCs, Exosanti-miR-17-5p/POI = CTX-induced POI model mice treated with exosomes from hUMSCs with
miR-17-5P knockdown. *** P < 0.001 vs the Exos/POI group. All experiments were repeated three times; the error bars indicate the SD.
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F i gu re 5 Exosomal miRNA-17-5P repressed ROS accumulation in CTX-treated hGCs and POI oocytes
(A) FACS outcomes showing ROS levels in CTX-damaged hGCs treated with PBS (the POI group), hUMSC-Exos (the Exos/POI group) or hUMSC-
Exosanti-miR-17-5p (the Exosanti-miR-17-5p/POI group).
(B-E) Metabolite assay results indicating the levels of TAG, glycogen, trehalose and glucose in starved hGCs treated with PBS (the POI group),
hUMSC-Exos (the Exos/POI group) or hUMSC-Exosanti-miR-17-5p (the Exosanti-miR-17-5p/POI group) from 24 to 48 h post treatment.
(F) Immunofluorescence experiment exhibited the change of expression (ROS and SIRT7) in mouse oocytes in POI, hUMSC-Exos-treated POI and
hUMSC-Exosanti-miR-17-5p-treated POI groups. Scale bars = 20 μm.
(G-H) Quantitative analysis of fluorescence intensity showing significantly downregulated ROS levels and SIRT7 expression in hUMSC-Exos-
treated POI mouse oocytes compared with POI mouse oocytes and hUMSC-Exosanti-miR-17-5p-treated POI mouse oocytes. Scale bar = 10 μm. ***
P < 0.001. *** P < 0.001 vs the Exos/POI group. All experiments were repeated three times; the error bars indicate the SD.
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F i gu re 6 Exosomal miRNA-17-5P repressed ROS accumulation by regulating SIRT7 in a CTX-induced POI mouse model
(A-D) WB results indicating that ovarian SIRT7, PARP1, γH2AX and XRCC6 expression was significantly downregulated in the Exos/POI group
compared with the POI and Exosanti-miR-17-5p/POI groups.
(E) immunofluorescence experiment exhibited the change of expression (SIRT7, γH2AX, PARP1 and XRCC6) in mouse oocytes in POI, hUMSC-
Exos-treated POI and hUMSC-Exosanti-miR-17-5p-treated POI groups. Scale bar = 20 μm.
(F) Fluorescence microscopy images and quantitative analysis of fluorescence intensity showed decreased ovarian expression of SIRT7 (red) and
γH2AX (green) in the Exos/POI group compared with the POI and Exosanti-miR-17-5p/POI groups.
(G) Fluorescence microscopy images and quantitative analysis of fluorescence intensity showed decreased ovarian expression of PARP1 (red) and
XRCC6 (green) in the Exos/POI group compared with the POI and Exosanti-miR-17-5p/POI groups. Scale bar = 20 μm.
(H) FACS outcomes showing ovarian ROS levels in the POI, Exos/POI and Exosanti-miR-17-5p/POI groups. WT = wild-type mice, POI = CTX-induced
POI model mice, Exos/POI = CTX-induced POI model mice treated with exosomes from hUMSCs, Exosanti-miR-17-5p/POI = CTX-induced POI
model mice treated with exosomes from hUMSCs with miR-17-5P knockdown. *** P < 0.001 vs the WT group; ### P < 0.001 vs the Exos/POI
group. All experiments were repeated three times; the error bars indicate the SDs.

14



F i gu re 7 Exosomal miRNA-17-5P inhibited ROS and SIRT7 signaling pathways in CTX-damaged hGCs
(A) WB results indicating that SIRT7 expression was significantly downregulated in CTX-damaged hGCs treated with hUMSC-Exos compared
with those treated with PBS, hUMSC-Exos+inhibitor and hUMSC-Exosanti-miR-17-5p.
(B-D) Protein-level analysis showing that PARP1, γH2AX and XRCC6 expression was significantly downregulated in CTX-damaged hGCs treated
with hUMSC-Exos compared with those treated with hUMSC-Exos+inhibitor and hUMSC-Exosanti-miR-17-5p.
(E-H) Protein-level analysis showing that SIRT7, PARP1, γH2AX and XRCC6 expression was significantly increased in hGCs-SIRT7KD treated with
hUMSC-Exosanti-miR-17-5p compared with those treated with hUMSC-Exos.
(I-L) WB results showing that SIRT7, PARP1, γH2AX and XRCC6 expression was significantly increased in hGCs-SIRT7OE treated with hUMSC-
Exosanti-miR-17-5p compared with those treated with hUMSC-Exos.
(M-N) FACS assay results revealing the ROS levels in hGCs-SIRT7KD and hGCs-SIRT7OE treated with hUMSC-Exosanti-miR-17-5p, hUMSC-Exos or
PBS. *** P < 0.001 and ** P < 0.01 vs the Exos group. SIRT7KD = SIRT7 knockdown, SIRT7OE = SIRT7 overexpression, NG = normal group
(containing normal hGCs with no CTX or exosome treatment), POI = CTX-damaged hGCs, PBS = hGCs treated with PBS, Exos = hGCs treated
with exosomes from hUMSCs, Exos/i = hGCs treated with exosomes and exosomal inhibitor, Exosanti-miR-17-5p = hGCs treated with exosomes
from hUMSCs with miR-17-5P knockdown. All experiments were repeated three times; the error bars indicate the SDs.
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Exosomal microRNA-17-5P derived from human umbilical cord mesenchymal stem cell promotes chemotherapy-damaged human granulosa cell

and ovarian cell proliferation and suppresses reactive oxygen species accumulation by repressing the expression of SIRT7 and its downstream tar-

get genes (γH2AX, PARP1 and XRCC6).
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