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Abstract

Premature ovarian failure (POF) is defined by amenorrhea, ovarian atrophy, hypoestrogenism, elevated gonado-
tropin level, and infertility under the age of 40. POF is frequently induced by chemotherapeutic agents. However,

the underlying mechanisms regarding chemotherapy-mediated damage to ovarian function are unclear. In this study,
enhanced apoptosis of granulosa cells (GCs) and aberrant activation of primordial follicles were observed in a POF
mouse model induced by cisplatin. We subsequently observed significant downregulation of miR-144-3p and upreg-
ulation of mitogen-activated protein kinase kinase kinase 9 (MAP3K9) in primary ovarian GCs from POF mice,

as revealed by microarrays. Furthermore, MAP3K9 expression was higher in human ovarian granulosa cells (COV434)
treated with cisplatin and was identified as a novel target of miR-144-3p. Functional analysis revealed that miR-
144-3p attenuated cisplatin induced apoptosis of GCs via silencing MAP3K9 expression, which suppressed the activity
of the downstream p38 mitogen activated protein kinase (MAPK) pathway. Meanwhile, miR-144-3p prevented pre-
mature primordial follicle depletion in cisplatin-induced POF mice through targeting Map3k9, which led to a decline
in the phosphorylation and activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase b
(AKT) pathway. Taken together, this study revealed the protective effects of miR-144-3p on ovarian function and shed
light on the epigenetic regulatory mechanism in the development of POF, which might provide new biomarkers

for the ovarian reserve.

Introduction

Premature ovarian failure (POF), also known as pre-
mature ovarian insufficiency (POI), is a subclass of
endocrine and reproductive disorders characterized
by amenorrhea, increased gonadotropin level, estrogen
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exhaustion of the primordial follicle pool or distur-
bances of follicle function and accelerated premature
follicle depletion, which have been demonstrated to be
related to follicular atresia and POF [3-6]. Exploring
the association between most of these pathogenic fac-
tors and their role in ovarian function is necessary to
determine the mechanisms responsible for the hetero-
geneity of POF.

MicroRNAs (miRNAs) are a class of small (18-22
nucleotides) endogenous noncoding RNAs that can
negatively regulate gene expression via post-transcrip-
tional gene silencing [7, 8]. It has been proposed that
aberrant expression and dysfunction of miRNAs might
be involved in physiological processes and human dis-
eases, such as the events of mammalian reproduction
[9-11]. Accumulating evidence shows that deregula-
tion of miRNAs is closely related to ovarian function,
including granulosa cell (GC) apoptosis, oocyte matu-
ration, oocyte apoptosis, recruitment of primordial fol-
licles, and localization of migrating primordial germ
cells [9, 12—-15]. However, the contribution of miRNAs
in the pathogenesis of POF has yet to be determined.
Therefore, the aim of the present study was to investi-
gate differentially expressed miRNAs in a mouse POF
model and reveal the association between miRNAs
and diminished ovarian function, which would help to
unveil the possible molecular mechanisms underlying
the pathogenesis of POF.

Herein, we established a cisplatin-induced mouse
POF model to determine whether cisplatin affects
GC apoptosis and primordial follicle activation in the
ovary. Next, we analyzed miRNA and messenger RNA
(mRNA) profiles and noted that miR-144-3p was signif-
icantly downregulated in GCs obtained from cisplatin-
induced POF mice. Bioinformatic analysis combined
with in vitro and in vivo experiments indicated that
miR-144-3p alleviated GC apoptosis and ovarian pri-
mordial follicle loss induced by cisplatin by directly
targeting the mRNA encoding mitogen-activated pro-
tein kinase kinase kinase 9 (MAP3K9). Furthermore,
the detailed underlying molecular mechanisms were
explored. We demonstrated that miR-144-3p could
serve as a potential biomarker for ovarian reserve
evaluation.

Materials and methods

Animal experiments

All animal experiments were approved by the Commit-
tee on Ethics of Biomedicine Research, Naval Medical
University. Female C57BL/6 mice (8 weeks) with nor-
mal 4-5-day estrous cycles were used in all experi-
ments described below.
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Establishment of the premature ovarian failure mouse
model

To establish the chemotherapy-induced POF model,
8-week-old female C57BL/6 mice provided by the labo-
ratory animal center of Naval Medical University were
administered with 2 mg/kg cisplatin (Sigma-Aldrich,
St. Louis, MO, USA) daily via intraperitoneal injec-
tion for 7 days. Mice in the control group were injected
intraperitoneally with an equal amount of physiologi-
cal saline. The estrous cycles were routinely assessed
by vaginal smear, and venous blood samples were col-
lected in the diestrus stage after 7 days of treatment.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples of each mouse were collected and centri-
fuged at 3220xg for 15 min. The serum levels of estra-
diol (E,) and follicle stimulating hormone (FSH) were
measured using ELISA kits (Mlbio, Shanghai, China)
according to the manufacturer’s instructions.

Ovarian follicle counting

Seven days after cisplatin treatment, the mice were
euthanized, and the ovaries were harvested and fixed
using 4% formaldehyde for 24 h, embedded in paraffin,
serially sectioned at 5 um, and mounted on every fifth
section. The sections were then stained with hematoxy-
lin and erosion (H&E) for further histological exami-
nation. The number of ovarian primordial, primary,
secondary, antral and atretic follicles was counted
under a light microscope according to the accepted def-
initions described previously [16].

Terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay

An In situ Cell Death Detection Kit (Roche, Germany)
was used to detect GCs apoptosis in mouse ovarian tis-
sue sections according to the manufacturer’s instruc-
tion. The sections were observed with a fluorescence
microscope, and the number of TUNEL-positive GCs
was counted.

Isolation of mouse primary ovarian GCs and cell culture

Mouse primary ovarian GCs were isolated from female
C57BL/6 mice. The female mice were injected intra-
peritoneally with pregnant mare serum gonadotropin
(PMSG, Solarbio, Beijing, China). After 48 h, bilateral
ovaries were isolated mechanically. GCs were obtained
under a stereomicroscope and washed with phos-
phate buffered saline (PBS) three times. The GCs were
then collected by brief centrifugation and cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12
(HyClone, Logan, UT, USA) medium supplemented
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with 10% fetal bovine serum (Biological Industries, ISV,
Kibbutz Beit-Haemek, Israel), 100 U/ml streptomycin
and 100 U/ml penicillin (Invitrogen, Waltham, MA,
USA). GCs were identified using anti-follicle stimu-
lating hormone receptor (FSHR) antibodies (Abcam,
Cambridge, UK). The COV434 cell line (human ovarian
GCs) was cultured in DMEM/F12 containing 10% fetal
bovine serum and 1% penicillin—streptomycin. All cells
were cultured at 37 C in a humidified atmosphere of
5% CO.,.

Microarray analysis

GCs from the control and POF groups were used for
miRNA and mRNA expression profiling assay. RNA
quantity and quality were measured by NanoDrop
ND-1000, and RNA integrity was assessed by standard
denaturing agarose gel electrophoresis. Sample labe-
ling and array hybridization were performed according
to the Agilent miRNA Microarray System with miRNA
Complete Labeling and Hyb Kit protocol (Agilent Tech-
nology). The differentially expressed genes among the
different groups were determined by KEGG and GO
analyses. Microarray profiling and data analyses were
performed by KangChen Bio-tech, Shanghai, China.

RNA isolation and quantitative real-time reverse
transcription PCR (qRT-PCR)

Total RNA from cultured cells was isolated using the
TRIzol reagent (Invitrogen). cDNA was synthesized from
purified total RNA (1 pg) using a PrimeScript RT rea-
gent kit (Takara, Dalian, China) according to the manu-
facturer’s instructions. The quantitative real-time PCR
(qPCR) step of the qRT-PCR protocol was performed
using SYBR Green Real-time PCR Master Mix (Takara)
and a Real-time PCR system (Applied Biosystems, Fos-
ter City, CA, USA). U6 and ACTB (encoding [-actin)
were used as internal controls for miRNAs and mRNAs,
respectively. Fold change was calculated according to the
2785 method, and data are represented relative to the
expression in control cells. The specific primers are listed
in Additional file 1: Table S1.

Western blotting analysis

Total proteins from cells were prepared, separated by
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis, and transferred onto polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA, USA). After blocking
with 5% milk in Tris-buffered saline Tween 20 (TBST) for
1 h at room temperature, the membranes were incubated
with primary antibodies at 4 ‘C overnight. Then, the
membranes were incubated with IRdye 800-conjugated
goat anti-rabbit IgG and/or IRdye 700-conjugated goat
anti-mouse IgG for 1 h at room temperature. An Odyssey
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infrared scanner (Li-COR Biosciences, Lincoln, NE, USA)
was used to visualize the immunoreactive protein bands.
The relative intensity of the protein bands was expressed
relative to that of the control. The levels of -tubulin or
B-actin were used as internal standards. The following
primary antibodies were used: anti-MAP3K9 (Cell Sign-
aling Technology, Danvers, MA, USA; 5029, 1:1000),
anti-Caspase-3 (Cell Signaling Technology, 9662, 1:1000),
anti-general transcription factor IIH subunit 2 (p44)/
proteasome 26S subunit, ATPase 6 (p42) (Cell Signaling
Technology, 4695, 1:1000), anti-mitogen-activated pro-
tein kinase 14 (MAPK14, or p38) (Cell Signaling Tech-
nology, 8690, 1:1000), anti-phosphorylated (p)44/42 (Cell
Signaling Technology, 4370, 1:1000), anti-p—p38 (Cell
Signaling Technology, 4511, 1:1000), anti-protein kinase
B (AKT) (Proteintech, Rosemont, IL, USA;10176-2-AP,
1:1000), anti-p-AKT (Proteintech, 66444-1-Ig, 1:2000),
anti-forkhead box O3 (FoxO3A) (Signalway Antibody,
Greenbelt, MD, USA; 40937, 1:1000), anti-p-FoxO3A
(Signalway Antibody, 12199, 1:1000), anti-B-actin (Pro-
teintech, 66009-1-Ig, 1:5000), and anti-B-tubulin (Pro-
teintech, 10094-1-AP, 1:5000).

Cell transfection

COV434 cells were transfected with miR-144-3p agomir,
antagomir, specific small interfering RNAs (siRNAs) for
MAP3K9, or negative control (agomir NC, antagomir
NC, siNC) (GenePharma, Shanghai, China) using Lipo-
fectamine 3000 (Invitrogen) according to the manu-
facturer’s instructions. After 24 h of transfection, the
cells were collected for qRT-PCR and western blotting
analysis.

Luciferase reporter assay

A luciferase reporter plasmid containing the wild-type 3
untranslated region (UTR) of MAP3K9 was constructed
and the MAP3K9 3" UTR containing the mutated has
miR-144-3p binding site was cloned into the same
reporter plasmid. The above luciferase reporter plasmids
were co-transfected with miR-144-3p mimics or negative
control (NC) into COV434 cells cultured in 6-well plates
using Lipofectamine 3000 (Invitrogen). Subsequently, the
luciferase activity of the cell lysates was measured 48 h
later using a Dual-Glo Luciferase Assay kit (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions.

In vivo experiments

The POF mice were created as in ’Establishment of the
premature ovarian failure mouse model. After 7 days of
treatment, 20 pl of the miR-144-3p agomir or controls
at 1 nmol, with Lipofectamine 3000 (Invitrogen), were
injected into the left and right ovarian bursa using insulin
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syringes, respectively. At 48 h after injection, the ovaries
were collected for western blotting assessment and histo-
logical examination.

Statistical analysis

All experiments were performed three times. Data are
expressed as the meantstandard deviation (SD) and
were analyzed using Student’s ¢ test when the data were
normally distributed, using GraphPad Prism 6 soft-
ware (GraphPad Inc., La Jolla, CA, USA). When the
data were not normally distributed, a nonparametric
test was applied. The significance of differences among
groups was assessed using one-way analysis of variance
(ANOVA). Statistical significance was defined as P<0.05.

Results

Evaluation of the cisplatin-induced POF mouse model
Animals were weighed before treatment with or with-
out cisplatin at 2 mg/kg. To ensure the successful estab-
lishment of POF mouse model, we evaluated several
ovarian function parameters and the estrous cycles
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at 7 days after cisplatin treatment. Regular estrous
cycles were observed in the control group and lasted
4-6 days. In contrast, significantly irregular estrous
cycles were observed in the mice receiving cisplatin,
which exhibited a shorter proestrus and estrus, and a
longer diestrus (Fig. 1A). Then, we evaluated the body
weight of mice following chemotherapy and observed
significant weight loss, which began on day 5 in the
POF group, compared with that in the control group
(Fig. 1B). We also weighed the ovaries at 7 days after
cisplatin treatment and found that the ratio of ovar-
ian weight obtained from the POF group was signifi-
cantly lower than that obtained from the control group
(Fig. 1B). In addition, Fig. 1C shows the different ovar-
ian sizes across the two groups. Plasma samples were
collected to measure the sex hormone levels. As shown
in Fig. 1D, following cisplatin treatment the level of
E, decreased markedly, while the FSH level in the cis-
platin-treated group was significantly increased com-
pared with that in the control group.
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Fig. 1 Cisplatin-induced POF mouse model. A Vaginal exfoliative cell smear from normal mice and POF mice. B Bar graph illustrating the body
weight of mice with or without cisplatin treatment. C Comparison of the ovarian size and weight ratio between the control and POF groups. D
Serum concentration of E, and FSH determined by ELISA in the control and POF groups. Control group, n=10; POF group, n=10. POF: premature
ovarian failure; E,: estradiol; FSH: follicle-stimulating hormone; ELISA: enzyme-linked immunosorbent assay. *P < 0.05; ***P < 0.001, two-tailed

Student’s t test. Scale bar, 100 um
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Effects of cisplatin treatment on apoptosis of ovarian GCs
in mice

Apoptosis of GCs is the key mechanism responsible for
the development of follicular atresia and follicle loss.
To evaluate the effect of cisplatin on GC apoptosis, we
detected the protein level of cleaved caspase-3 in the
injured ovaries by immunohistochemistry analysis. The
result revealed that cleaved caspase-3 levels were signifi-
cantly increased in the ovaries of POF mice compared
with those in the control group (Fig. 2A). Furthermore,
we observed that the number of TUNEL and FSHR (fol-
licle stimulating hormone receptor, GC-specific marker)
double-positive cells were clearly increased in the ovarian
section of the POF group compared with that in the con-
trol group (Fig. 2B). The data suggest that GCs apoptosis
occurs during the development of ovarian function fail-
ure in POF mice.

Effects of cisplatin treatment on ovarian follicle activation
in mice

To further evaluate the ovarian reserve of each group, the
ovaries in the two groups were collected for histologi-
cal analysis and the number of follicles at various stages
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of development was counted between the two groups.
Notably, the ovaries in the POF group appeared to be
atrophic, containing fewer healthy follicles compared
with those in the control group. The POF ovaries exhib-
ited a significant decrease in the number of primordial
follicles and a dramatic increase in the number of pri-
mary follicles and atretic follicles after chemotherapy
compared with those in the control ovaries (Fig. 3A).
Previous studies have reported that primordial follicle
activation was a causative factor accelerating follicular
depletion and atresia governed by the PI3K/AKT path-
way [17-19]; therefore, we detected the levels of related
signaling molecules in the control and POF mice. West-
ern blotting results showed increased levels of phos-
phorylated AKT (p-AKT) and FoxO3A (p-FoxO3A) in
the ovaries of POF group compared with those in the
control group (Fig. 3B). FoxO3A is phosphorylated and
exported from the nucleus to the cytoplasm during pri-
mordial follicle activation, thus, the cytosolic localiza-
tion of p-FoxO3A was evaluated by immunofluorescence
analysis. LIM Homeobox 8 (LHXS8) is known as germ-
cell specific marker; therefore, the nuclear export of
p-FoxO3A was analyzed by immunofluorescence using
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Fig. 2 Effects of cisplatin treatment on apoptosis of GCs in mice. A Cleaved caspase-3 staining was analyzed by immunohistochemistry
in the control and POF groups. Cleaved caspase-3 positive cells are shown as brown with the cell nucleus stained blue. B Apoptosis of GCs
in ovarian tissues examined by TUNEL analysis. The red staining indicates FSHR-positive GCs. The green stain indicates TUNEL-positive GCs. The

blue DAPI stain indicates the cell nucleus. Control group, n=10; POF group, n=1

0. GCs: granulosa cells; POF: premature ovarian failure; TUNEL:

terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling; DAPI: 4’ 6-diamidino-2-phenylindole. *P < 0.05; **P < 0.01, two-tailed

Student’s t test. Scale bars represent 50 um (A), and 100 um (B)
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Fig. 3 Effects of cisplatin treatment on ovarian follicle activation in mice. A H&E staining displaying ovarian morphology and columns representing
the proportion of follicles at various stages of development between the control group and POF group. B Protein levels of AKT, p-AKT, FoxO3A,

and p-FoxO3A in the ovaries of the two groups. C Images of immunofluorescence showing the localization of p-FoxO3A using anti-p-FoxO3A
antibodies (green) in the two groups. The primordial follicles were detected using an anti-LHX8 antibody (red). All nuclei were stained with DAPI.
Control group, n=10; POF group, n= 10. H&E, hematoxylin and erosion; POF, premature ovarian failure; DAPI, 4”6-diamidino-2-phenylindole.
*P<0.05; **P<0.01, two-tailed Student’s t test. Scale bars represent 200 um, 100 um (A), and 10 um (C)

anti-LHX8 and anti-p-FoxO3A antibodies. The results
showed increased phosphorylation and nuclear shut-
tling of FoxO3A in the ovaries of cisplatin-treated mice
(Fig. 3C). Collectively, our results suggested that cispl-
atin treatment resulted in the increased phosphorylation
of PI3K/AKT pathway components, leading to the acti-
vation of this signaling pathway and increased nuclear
export of FoxO3A, thus inducing abnormal activation of
primordial follicles within ovarian tissue and causing dys-
function in POF mice.

miR-144-3p is downregulated in GCs of POF mice

GCs were isolated from ovarian tissues. After FSHR
immunostaining, a GC-specific marker, the cells stained
red were identified as GCs (Fig. 4A). To explore aber-
rantly expressed miRNAs and genes in GCs from POF
mice, we first conducted miRNA and mRNA microar-
rays analysis of GCs from the POF group and the control
group. A total of 39 miRNAs (fold change>2, P<0.05)
and 1493 mRNAs (fold change>2, P<0.05) were identi-
fied to be differentially expressed between the two groups
(Fig. 4B). Of these 39 differentially expressed miRNAs, 14
were upregulated and 25 were downregulated. To validate

the microarray results, we analyzed miRNA expres-
sion using qRT-PCR in GCs from the POF and control
groups (Fig. 4C). Among these candidates, miR-144-3p
was significant downregulated in POF mice. Accordingly,
compared with that in the control group, there was a sig-
nificant decrease in the expression level of miR-144-3p in
the POF ovaries, as detected using Fluorescence in situ
hybridization analysis (Fig. 4D).

Map3k9 is upregulated in GCs of POF mice

To identify the mechanism by which the cisplatin-
induced downregulation of miR-144-3p leads to POF,
we analyzed the potential target genes of miR-144-3p.
Three databases, TargetScan7.2, RNA22 and miRDB,
combined with mRNA microarray analysis, were used to
search for the genes potentially targeted by miR-144-3p.
Four potential target genes (Pricklel, Bach2, Pde4a, and
Map3k9) of miR-144-3p were identified (Fig. 5A). The
differentially expressed gene pathway enrichment analy-
sis between the POF group and control group is shown
in Fig. 5B. The results of qRT-PCR confirmed that the
four candidate genes of miR-144-3p displayed increased
expression in the ovarian GCs of POF mice. In particular,
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Fig. 4 miRNA microarray analysis was performed to detect differentially expressed miRNAs in GCs of mice. A Identification of GCs. Isolated GCs
show a spindle-shaped morphology. The red staining indicates FSHR-positive GCs. The blue DAPI stain indicates the GC nuclei. B miRNA expression
in the POF group and the control group from three biological replicate samples was profiled using microRNA array. C Real-time PCR was used

to verify the microarray results. D Fluorescence in situ hybridization detected expression of miR-144-3p in the control group and POF group. Control

group, n=10; POF group, n=

10. GCs: granulosa cells; FSHR: follicle-stimulating hormone receptor; DAPI: 4”6-diamidino-2-phenylindole; POF:

premature ovarian failure. *P < 0.05; **P<0.01; ** P<0.001, two-tailed Student’s t test. Scale bar, 100 um

the increase in Map3k9 expression was the most promi-
nent (Fig. 5C). Accordingly, compared with that in the
control group, there was a significant increase in the
protein level of MAP3K9 in the POF ovaries, as detected
using western blotting (Fig. 5D) and immunohistochem-
istry analysis (Fig. 5E). Therefore, Map3k9 was selected
as the follow-up study object.

MAP3K9 is a target of miR-144-3p

GCs are important component of follicles that are sus-
ceptible to chemotherapy-induced damage. Herein,
a human ovarian granulosa tumor-derived cell line
(COV434) was used. To further investigate the regulation
of miR-144-3p on MAP3K9 expression and GCs function
in vitro, we first established a cisplatin (4 mg/l)-injured
COV434 cell model. Consistent with the microarray
results, qRT-PCR showed that the miR-144-3p expres-
sion level was significantly decreased in cisplatin-dam-
aged COV434 cells (Fig. 6A), while MAP3K9 expression
was demonstrated to be increased significantly increased
at the protein mRNA levels (Fig. 6B). Then, we per-
formed qRT-PCR and western blotting to examine the
expression of MAP3K9 in cisplatin-treated COV434 cells

treated with the miR-144-3p agomir or antagomir. Nota-
bly, MAP3K9 mRNA and protein levels were significantly
downregulated by the overexpression of miR-144-3p, but
were enhanced when miR-144-3p expression was inhib-
ited in cisplatin-injured COV434 cells (Fig. 6C), indicat-
ing the negative regulation of miR-144-3p on MAP3K9
expression. To confirm the predicted binding site of
miR-144-3p in the 3" UTR of MAP3K9, we cloned the
wild-type and mutated 3" UTR of MAP3KY into a lucif-
erase reporter vector. The results of the dual-luciferase
reporter assay showed that miR-144-3p overexpression
suppressed the relative activity of the luciferase reporter
harboring the wild-type 3° UTR of MAP3K9, while
luciferase activity levels of the mutated 3° UTR were
unchanged (Fig. 6D). Our results showed that MAP3K9
is a target of miR-144-3p.

miR-144-3p targets MAP3K9 to regulate the apoptosis

of GCs via the p38 MAPK pathway

Next, we determined the impact of miR-144-3p on
chemotherapy-induced GC apoptosis in vitro. Western
blotting was performed to detect the protein levels of
cleaved caspase-3 in the cisplatin-injured COV434 cells
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Fig. 5 Map3k9is upregulated in GCs of POF mice. A Bioinformatics prediction combined with mRNA microarray analysis were performed to identify
the potential target genes of miR-144-3p. B Differentially expressed gene pathway enrichment analysis in the POF group and the control group.

C Real-time PCR was used to evaluate the relative expression of target genes of miR-144-3p in the POF group and the control group. D Protein
levels of MAP3K9 in both groups were detected using western blotting. E Immunohistochemistry analysis of the protein expression of MAP3K9

in both groups. Control group, n=10; POF group, n=10. GCs: granulosa cells; POF: premature ovarian failure. *P < 0.05; **P < 0.01, two-tailed

Student’s t test. Scale bar, 100 um

transfected with the miR-144-3p agomir and antago-
mir. As shown in Fig. 7A, when miR-144-3p was over-
expressed in injured COV434 cells, the protein level of
cleaved caspase-3 decreased, whereas inhibition of miR-
144-3p expression markedly increased the protein level
of cleaved caspase-3. This result demonstrated that miR-
144-3p would have an inhibitory effect on chemotherapy-
induced GC apoptosis.

Our functional experiments demonstrated that miR-
144-3p regulated MAP3K9 expression and GCs apopto-
sis negatively. MAP3KO9 is an upstream activator of the
p38 MAPK signaling pathway. To determine the molec-
ular mechanism underlying the enhanced GC apopto-
sis in cisplatin-treated COV434 cells, we studied the
members of p38 MAPK pathway (p38, p—p38, p44, and
p—-p44). In miR-144-3p overexpressing cells, the lev-
els of p—p38 and p—p44 were significantly reduced; in
contrast, miR-144-3p downregulation increased the p—
p38 and p—p44 levels (Fig. 7A). miR-144-3p can mark-
edly repress MAP3K9; therefore, we further assessed
whether MAP3K9 can mediate the observed biologi-
cal effects of miR-144-3p. We first silenced MAP3K9 in
COV434 cells using a specific siRNA. Western blotting

confirmed the efficient decrease in the level of MAP3K9
in COV434 cells at 48 h post transfection (Fig. 7B). For
the cell apoptosis analysis, cleaved caspase-3 expres-
sion was detected using western blotting. The results
showed that the cleaved caspase-3 level was much
higher in COV434 cells transfected with miR-144-3p
antagomir than in those transfected with the negative
control, while MAP3K9 silencing partially reversed
the increased level of cleaved caspase-3 induced by the
miR-144-3p antagomir in COV434 cells (Fig. 7C). Next,
we detected p38 MAPK pathway-related molecules
in the above cells. Cells treated with the miR-144-3p
antagomir displayed dramatically increased p—p38 and
p—p44 levels, while MAP3K9 silencing manifested the
opposite results (Fig. 7C). Taken together, miR-144-3p
overexpression caused decreased GC apoptosis by sup-
pressing the downstream p38 MAPK signaling pathway,
whereas reduced expression of miR-144-3p accelerated
cell apoptosis through phosphorylation and activation
of p38 MAPK pathway members. Importantly, suppres-
sion of MAP3K9 partially rescued miR-144-3p down-
regulation-induced GC damage via inhibition of the
phosphorylation of p38 MAPK pathway components.



Liu et al. European Journal of Medical Research (2023) 28:264

>
vs)

2

Relative expression of
MAP3K9 (2242

Relative expression of
miR-144-3p (224

_|

Page 9 of 13

D

MAP3K9 CDS

3’ UTR }—*

NC Cisplatin

B-actin E 42kDa

5’ -TTAAAATTTTG}H'T(TTG'TTT—}’ WT 3’ UTR

3" -TCATGTAGTAGATATGACAT-5" has-miR-144-3p

5 ' -TTAAAATTTTGTATGACATT-3' Mut3’ UTR

1.44

1.24 * T

1.04

0.84

o

B-actin

I
2]

0.6
0.4

Relative expression of

MAP3K9 (244
P
£
>
o]
W
~
o
0. b
7
I~
S
=
g
o
Relative luciferase activity (%)
-

0.2
0.0-

Fig. 6 MAP3K9is a target of miR-144-3p. A Real-time PCR showing that miR-144-3p expression was significantly decreased in cisplatin injured

COV434 cells. B MAP3K9 mRNA and protein levels increased significantly, as analyzed using real-time PCR and western blotting, respectively. C
Real-time PCR and western blotting were performed to detect the mRNA and protein levels of MAP3K9 in the injured COV434 cells transfected
with miR-144-3p agomir and antagomir. D Predicted target sites and relevant mutation sequences are shown. Luciferase reporter assay results
demonstrating that overexpression of miR-144-3p could reduce the site-specific luciferase activity of the MAP3K9 gene with wild type 3

untranslated region (UTR). *P< 0.05; **P < 0.01, two-tailed Student’s t test

miR-144-3p partially prevents cisplatin-induced primordial
follicle activation via MAP3K9 in mouse ovaries in vivo

To further understand the detailed mechanisms under-
lying the alteration in primordial follicle activation fol-
lowing cisplatin treatment, we analyzed the expression
of signaling molecules involved in the PI3K/AKT path-
way in the ovaries of mice following cisplatin treatment,
with or without miR-144-3p agomir treatment. After
intraperitoneal injection of cisplatin for 7 days, high
MAP3K9 levels were observed in the cisplatin alone
treatment group, whereas MAP3K9 levels were remark-
ably repressed in the cisplatin and miR-144-3p agomir
co-treatment group, indicating the negative regulation
of miR-144-3p on Map3k9 expression in vivo (Fig. 8A).
Western blotting demonstrated a remarkable increase of
p-AKT and p-FoxO3A levels in the POF group compared
with those in the control group. However, overexpres-
sion of miR-144-3p significantly decreased p-AKT and
p-FoxO3A protein levels in mice receiving miR-144-3p
agomir concurrently with cisplatin (Fig. 8A). In addi-
tion, a significant increase in the number of primordial
follicles and a dramatic decrease in the number of pri-
mary follicles were observed after miR-144-3p agomir
injection (Fig. 8B). Therefore, our results suggest that

cisplatin-induced premature primordial follicle activation
is mainly associated with the phosphorylation and stim-
ulation of PI3BK/AKT pathway components, resulting in
the exhaustion of the primordial follicle pool in the ovary.
Furthermore, miR-144-3p prevents cisplatin-induced
primordial follicle disruption by blocking the phospho-
rylation of PI3K/AKT pathway members via downregula-
tion of Map3k9.

Discussion

Anticancer treatment is a well-known risk factor for POF.
With the wide application of chemotherapeutic agents
in various types of tumors and immune diseases, chem-
otherapy-induced POF has received increased attention
among all the causes of POEF. Detailed information focus-
ing on the detrimental effects of chemotherapy expo-
sure on ovarian function has been published [20, 21]. It
is generally believed that chemotherapeutic agents can
damage the ovary by inducing prenatal loss of oogonia,
direct loss of primordial follicles, accelerated primordial
follicle activation, follicular atresia, and damage to the
ovarian stroma and the microvascular architecture [21,
22]. As one of the most commonly used anticancer drugs,
cisplatin can cause POF by triggering the activation of
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primordial follicles and increasing the atresia of ovarian
follicles [21].

GC apoptosis is confirmed to be involved in the devel-
opment of follicular atresia and follicle loss [23]. Follicular
activation and growth are closely related to the prolifera-
tion and anti-apoptosis in granulosa cells. The somatic
primordial follicle granulosa cells initiate the activation of
primordial follicles and govern the quiescence or awak-
ening of dormant oocytes. Activation of mTORCI1 sign-
aling in granulosa cells of primordial follicles accelerates
the differentiation of primordial follicle granulosa cells
into granulosa cells and cause premature activation of all
dormant oocytes and primordial follicles [24]. Primordial
follicle granulosa cells trigger the awakening of dormant
oocytes through KIT ligand, and the essential communi-
cation network between the somatic cells and germ cells
is based on signaling between the mTORC1-KITL cas-
cade in primordial follicle granulosa cells and KIT-PI3K
signaling in oocytes [25]. Many growth factors have been
reported to be functional in regulating the activation of
primordial follicles in vitro, including leukemia inhibitory
factor, basic fibroblast growth factor and platelet-derived
growth factor [17]. Granulosa cell-derived C-type natriu-
retic factor not only suppresses the final maturation of

oocytes to undergo germinal vesicle breakdown before
ovulation but also promotes preantral and antral follicle
growth. In addition, several oocyte- and granulosa cell-
derived factors stimulate preantral follicle growth by act-
ing through wingless, receptor tyrosine kinase, receptor
serine kinase, and other signaling pathways [26]. Oocyte—
GC bidirectional communications via signal transduction
or direct cell-to-cell contact provide the molecular and
structural basis for effective oocyte—GC crosstalk, which
is required for adequate follicular growth and maturation
[27]. In this study, we illustrated enhanced GC apopto-
sis and accelerated primordial follicle activation in a cis-
platin-induced mouse POF model. This might accelerate
follicular apoptosis and follicle reservoir utilization via
multiple molecular reactions. A better understanding of
the molecular mechanisms underlying cisplatin-medi-
ated ovarian dysfunction might allow the development of
efficient and targeted treatments for patients diagnosed
with POF and for infertile women of advanced reproduc-
tive age.

Recently, miRNAs have been recognized to play impor-
tant regulatory roles in ovarian function [23, 28] and
miRNAs are indicated to be involved in POF patho-
genesis. Zhang et al. discovered the harmful effects of
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miR-127-5p on proliferation and DNA repair function
of GCs via the HMGB2 gene (encoding high mobil-
ity group box 2) and its predictive value in POF [29].
Moreover, miR-145 was reported to protect GCs against
oxidative stress-induced apoptosis by targeting KLF4
(encoding Kruppel-like factor 4), thereby preventing
abnormal follicular atresia and improving the outcomes
of ovarian dysfunction [30]. It has been found that miR-
146b-5p overexpression ameliorates POF in mice by
inhibiting the DAB2IP/ASK1/p38-MAPK pathway and
YH2A.X phosphorylation [31]. In the current study, we
performed miRNA and mRNA microarray screening on
GCs derived from cisplatin-induced POF mice and iden-
tified significantly downregulated miR-144-3p in GCs
from POF mice. Previous research has reported that the
expression of miR-144-3p was greatly reduced in patients
with polycystic ovarian syndrome (PCOS) and PCOS rat
models. Meanwhile, miR-144-3p overexpression could
induce ovarian GCs growth and repress cell apoptosis by
targeting HSP70 (encoding heat shock protein 70), which
might function as a novel target for PCOS treatment [32].
We hypothesized that miR-144-3p might also be involved
in the regulation of ovarian function in POF. The find-
ings of this study supported our hypothesis and revealed
that miR-144-3p alleviated cisplatin-induced GC damage

and primordial follicle activation by repression its down-
stream target gene, MAP3K9, which sheds light on the
epigenetic mechanism involved in the pathogenicity of
POE

MAP3K9 is an upstream activator of the p38 MAPK
signaling pathway. p38 MAPK pathway members func-
tion in a variety of cellular processes, including cell
growth, proliferation, differentiation, migration, and
apoptosis [33]. Several studies have demonstrated the
clear involvement of the p38 MAPK pathway in the
response to treatment with chemotherapeutic agents
[34-36]. This study explored the correlation between
the pathway and GC apoptosis, demonstrating that
miR-144-3p overexpression decreased GC cell apopto-
sis resulting from suppression of the downstream p38
MAPK pathway, while reduced expression of miR-144-3p
manifested the opposite results through phosphorylation
and activation of p38 MAPK pathway members. Fur-
thermore, MAP3K9 downregulation abrogated the miR-
144-3p inhibition-induced effects partially. These results
suggested that miR-144-3p prevents GC cell apoptosis by
repressing the p38 MAPK pathway via negatively regulat-
ing MAP3K9.

Activation of dormant primordial follicles is the first
step in follicular development and is fundamental to
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determine the ovarian reserve of females [37]. Although
the exact factors involved in primordial follicle recruit-
ment and growth have yet to be elucidated, the PI3K/
phosphatase and tensin homolog (PTEN) signaling
pathway has been reported to be the key controller
for follicular activation [38]. In the present study, our
results suggested that during the process of primordial
follicle initiation in vivo, the addition of miR-144-3p to
cisplatin-treated ovaries is accompanied by decreased
expression of its target gene, Map3k9, and suppres-
sion of the downstream PI3K/AKT signaling pathway.
Therefore, miR-144-3p has a protective effect on cispl-
atin-induced abnormal activation of primordial follicles
by repressing the PI3K/AKT cascade via downregulat-
ing Map3k9.

In conclusion, our data revealed that miR-144-3p sig-
nificantly downregulated in GCs from POF mice. The
in vitro and in vivo experiments revealed that miR-
144-3p can protect against cisplatin induced GC cell
apoptosis and abnormal activation of primordial fol-
licles via the p38 MAPK and PI3SK/AKT pathways,
respectively, by directly targeting the MAP3K9 gene.
This study clarified the biological effects of miR-144-3p
and its detailed molecular mechanisms responsible for
POF progression and suggested new strategies for POF
management.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540001-023-01231-2.

[ Additional file 1: Table S1. Primers used for real-time PCR. }

Acknowledgements

All authors are acknowledged for their contribution to this study. This
study was supported by the National Natural Science Foundation of China
(81971337).

Author contributions
FW and HG designed the research; ML, BX, YZ, MC, and JH performed the
experiments; ML analyzed the data and wrote the manuscript.

Funding
This study was supported by the National Natural Science Foundation of
China (Grant Number 81971337).

Availability of data and materials
The data sets used or analyzed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the Committee on Ethics of Bio-
medicine Research, Naval Medical University.

Competing interests
The authors declare no competing interests.

Page 12 of 13

Received: 4 December 2022 Accepted: 15 July 2023
Published online: 03 August 2023

References

1. Ghahremani-Nasab M, Ghanbari E, Jahanbani Y, Mehdizadeh A, Yousefi
M. Premature ovarian failure and tissue engineering. J Cell Physiol.
2020;235(5):4217-26.

2. Huhtaniemi |, Hovatta O, La Marca A, Livera G, Monniaux D, Persani
L, et al. Advances in the molecular pathophysiology, genetics, and
treatment of primary ovarian insufficiency. Trends Endocrinol Metab.
2018;29(6):400-19.

3. Jiao X, Ke H, Qin'Y, Chen ZJ. Molecular genetics of premature ovarian
insufficiency. Trends Endocrinol Metab. 2018;29(11):795-807.

4. LiX Kang X, Deng Q, Cai J, Wang Z. Combination of a GnRH agonist with
an antagonist prevents flare-up effects and protects primordial ovarian
follicles in the rat ovary from cisplatin-induced toxicity: a controlled
experimental animal study. Reprod Biol Endocrinol. 2013;11:16.

5. Chen Z Kang X, Wang L, Dong H, Wang C, Xiong Z, et al. Rictor/mTORC2
pathway in oocytes regulates folliculogenesis, and its inactivation causes
premature ovarian failure. J Biol Chem. 2015;290(10):6387-96.

6. FuX, HeY,Wang X, Peng D, Chen X, Li X, et al. Overexpression of miR-

21 in stem cells improves ovarian structure and function in rats with
chemotherapy-induced ovarian damage by targeting PDCD4 and PTEN
to inhibit granulosa cell apoptosis. Stem Cell Res Ther. 2017,8(1):187.

7. Fabian MR, Sonenberg N. The mechanics of miRNA-mediated gene
silencing: a look under the hood of miRISC. Nat Struct Mol Biol.
2012;19(6):586-93.

8. LuTX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol.
2018;141(4):1202-7.

9. Reza A ChoiVJ, Han SG, Song H, Park C, Hong K, et al. Roles of microRNAs
in mammalian reproduction: from the commitment of germ cells to peri-
implantation embryos. Biol Rev Camb Philos Soc. 2019,94(2):415-38.

10. Liang J,Wang S, Wang Z. Role of microRNAs in embryo implantation.
Reprod Biol Endocrinol. 2017;15(1):90.

11. Ochoa-Bernal MA, Fazleabas AT. Physiologic events of embryo implanta-
tion and decidualization in human and non-human primates. Int J Mol
Sci. 2020;21(6):1973.

12. GuoY, Sun J, Lai D. Role of microRNAs in premature ovarian insufficiency.
Reprod Biol Endocrinol. 2017;15(1):38.

13. Maalouf SW, Liu WS, Pate JL. MicroRNA in ovarian function. Cell Tissue Res.
2016;363(1):7-18.

14. Zhang J, Xu'Y, Liu H, Pan Z. MicroRNAs in ovarian follicular atresia and
granulosa cell apoptosis. Reprod Biol Endocrinol. 2019;17(1):9.

15. Deb B, Uddin A, Chakraborty S. miRNAs and ovarian cancer: An overview.
J Cell Physiol. 2018;233(5):3846-54.

16. Gougeon A. Regulation of ovarian follicular development in primates:
facts and hypotheses. Endocr Rev. 1996;17(2):121-55.

17. Zhang H, Liu K. Cellular and molecular regulation of the activation of
mammalian primordial follicles: somatic cells initiate follicle activation in
adulthood. Hum Reprod Update. 2015;21(6):779-86.

18. Zhang, Zhou X, ZhuY, Wang H, Xu J, Su Y. Current mechanisms of
primordial follicle activation and new strategies for fertility preservation.
Mol Hum Reprod. 2021;27(2):.gaab005.

19. ZhaoY, Feng H, Zhang Y, Zhang JV, Wang X, Liu D, et al. Current under-
standings of core pathways for the activation of mammalian primordial
follicles. Cells. 2021;10(6):1491.

20. van Dorp W, Haupt R, Anderson RA, Mulder RL, van den Heuvel-Eibrink
MM, van Dulmen-den BE, et al. Reproductive function and outcomes
in female survivors of childhood, adolescent, and young adult cancer: a
review. J Clin Oncol. 2018;36(21):2169-80.

21. Spears N, Lopes F, Stefansdottir A, Rossi V, De Felici M, Anderson RA, et al.
Ovarian damage from chemotherapy and current approaches to its
protection. Hum Reprod Update. 2019;25(6):673-93.

22. Bedoschi G, Navarro PA, Oktay K. Chemotherapy-induced dam-
age to ovary: mechanisms and clinical impact. Future Oncol.
2016;12(20):2333-44.

23. TuJ, Cheung AH, Chan CL, Chan WY. The role of microRNAs in ovarian
granulosa cells in health and disease. Front Endocrinol. 2019;10:174.


https://doi.org/10.1186/s40001-023-01231-2
https://doi.org/10.1186/s40001-023-01231-2

Liu et al. European Journal of Medical Research

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

(2023) 28:264

Ding L, Yan G,Wang B, Xu L, Gu Y, Ru T, et al. Transplantation of UC-MSCs
on collagen scaffold activates follicles in dormant ovaries of POF patients
with long history of infertility. Sci China Life Sci. 2018;61(12):1554-65.
Zhang H, Risal S, Gorre N, Busayavalasa K, Li X, Shen Y, et al. Somatic cells
initiate primordial follicle activation and govern the development of
dormant oocytes in mice. Curr Biol. 2014;24(21):2501-8.

Hsueh AJ, Kawamura K, Cheng Y, Fauser BC. Intraovarian control of early
folliculogenesis. Endocr Rev. 2015;36(1):1-24.

Zhang Y, Yan Z, Qin Q, Nisenblat V, Chang HM, Yu Y, et al. Transcriptome
landscape of human folliculogenesis reveals oocyte and granulosa cell
interactions. Mol Cell. 2018;72(6):1021-1034.1024.

Imbar T, Eisenberg I. Regulatory role of microRNAs in ovarian function.
Fertil Steril. 2014;101(6):1524-30.

Zhang X, Dang Y, Liu R, Zhao S, Ma J, Qin Y. MicroRNA-127-5p impairs
function of granulosa cells via HMGB2 gene in premature ovarian insuf-
ficiency. J Cell Physiol. 2020;235(11):8826-38.

Xu'L, Sun H, Zhang M, Jiang Y, Zhang C, Zhou J, et al. MicroRNA-145 pro-
tects follicular granulosa cells against oxidative stress-induced apoptosis
by targeting Kruppel-like factor 4. Mol Cell Endocrinol. 2017;452:138-47.
LiuT, Lin J, Chen C, Nie X, Dou F, Chen J, et al. MicroRNA-146b-5p overex-
pression attenuates premature ovarian failure in mice by inhibiting the
Dab2ip/Ask1/p38-Mapk pathway and gammaH2A.X phosphorylation.
Cell Prolif. 2021;54(1):12954.

Qu B, Zhao Q Ma Q, Yang T, Li X, Chen Y, et al. Overexpression of miR-
144-3p alleviates polycystic ovaries syndrome through targeting expres-
sion of HSP-70. Gene Ther. 2020;29(5):217-26.

Yue J, Lépez JM. Understanding MAPK signaling pathways in apoptosis.
Int J Mol Sci. 2020;21(7):2346.

Pranteda A, Piastra V, Stramucci L, Fratantonio D, Bossi G. The p38 MAPK
signaling activation in colorectal cancer upon therapeutic treatments. Int
J Mol Sci. 2020;21(8):2773.

Achkar IW, Abdulrahman N, Al-Sulaiti H, Joseph JM, Uddin S, Mraiche F.
Cisplatin based therapy: the role of the mitogen activated protein kinase
signaling pathway. J Trans| Med. 2018;16(1):96.

Sui X, Kong N, Ye L, Han' W, Zhou J, Zhang Q, et al. p38 and JNK MAPK
pathways control the balance of apoptosis and autophagy in response to
chemotherapeutic agents. Cancer Lett. 2014;344(2):174-9.

Grosbois J, Devos M, Demeestere I. Implications of nonphysiological
ovarian primordial follicle activation for fertility preservation. Endocr Rev.
2020;41(6):847-72.

Maidarti M, Anderson RA, Telfer EE. Crosstalk between PTEN/PI3K/Akt
signalling and DNA damage in the oocyte: implications for primordial
follicle activation, oocyte quality and ageing. Cells. 2020;9(1):200.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	MicroRNA-144-3p protects against chemotherapy-induced apoptosis of ovarian granulosa cells and activation of primordial follicles by targeting MAP3K9
	Abstract 
	Introduction
	Materials and methods
	Animal experiments
	Establishment of the premature ovarian failure mouse model
	Enzyme-linked immunosorbent assay (ELISA)
	Ovarian follicle counting
	Terminal deoxynucleotidyl transferase-mediated dUTP–biotin nick end labeling (TUNEL) assay
	Isolation of mouse primary ovarian GCs and cell culture
	Microarray analysis
	RNA isolation and quantitative real-time reverse transcription PCR (qRT-PCR)
	Western blotting analysis
	Cell transfection
	Luciferase reporter assay
	In vivo experiments
	Statistical analysis

	Results
	Evaluation of the cisplatin-induced POF mouse model
	Effects of cisplatin treatment on apoptosis of ovarian GCs in mice
	Effects of cisplatin treatment on ovarian follicle activation in mice
	miR-144-3p is downregulated in GCs of POF mice
	Map3k9 is upregulated in GCs of POF mice
	MAP3K9 is a target of miR-144-3p
	miR-144-3p targets MAP3K9 to regulate the apoptosis of GCs via the p38 MAPK pathway
	miR-144-3p partially prevents cisplatin-induced primordial follicle activation via MAP3K9 in mouse ovaries in vivo

	Discussion
	Anchor 28
	Acknowledgements
	References


