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miR-424 suppresses proliferation and promotes
apoptosis of human ovarian granulosa cells

by targeting Apelin and APJ expression
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Abstract: Objective: Polycystic ovary syndrome (PCOS) is associated with alteration of Apelin signaling in ovarian
granulosa cells (GCs). However, the molecular mechanisms regulating Apelin expression remain poorly understood.
This study aims to investigate the role of miR-424 in modulating Apelin expression and GC functions. Methods:
miRNA expression in GCs was altered by transfection with specific miR-424 mimics and inhibitors. Apelin level was
determined by ELISA. miR-424 and mRNA expression were analyzed by quantitative RT-PCR. Protein abundance was
measured by western blotting. Genomic sequence targeted by miR-424 was validated by dual-luciferase reporter
assay. Apelin gene was overexpressed by transfection of LV-003 vector carrying its cDNA. GC proliferation was ana-
lyzed by MTS method, and its cell cycle progression and apoptosis were measured by flow cytometry. Results: Apelin
concentration was increased in serum and follicular fluid from PCOS patients, accompanied by upregulated APJ
(Apelin receptor) expression and suppressed miR-424 expression in GCs. miR-424 mimics suppressed Apelin and
APJ expression in KGN cells by targeting 3’ UTR of Apelin and APJ, whereas miR-424 inhibitors had the opposite ef-
fects. miR-424 inhibited KGN cell proliferation and cell cycle progression by down-regulating Cyclin-D/E expression.
Moreover, miR-424 promoted KGN cell apoptosis by increasing truncated Caspase-3 level. The regulation of KGN
cell proliferation and apoptosis by miR-424 was mediated by directly suppressing Apelin gene expression, instead of
inhibiting Apelin peptide activity. Conclusion: miR-424 suppresses proliferation and promotes apoptosis of human
ovarian granulosa cells by directly targeting and inhibiting Apelin and APJ expression.
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Introduction

Polycystic ovary syndrome (PCOS) is a condi-
tion in women involving abnormally elevated
androgens (male hormones), which can mani-
fest as irregular menstrual periods, pelvic pain,
excess body hair, acne, heavy periods, diabe-
tes mellitus, high blood pressure, difficulty in
getting pregnant and endometrial cancer [1, 2].
Previous epidemiological studies have shown
that development of polycystic ovary syndrome
is associated with a range of genetic and envi-
ronmental factors such as insulin resistance,
obesity, lack of physical exercise and genetic
predisposition of the fetal ovary to hyper-
secreting androgens [3, 4]. PCOS is currently
the most common endocrine disease affecting

women aged between 18 and 44 years old,
among whom the incidence can reach as high
as 20% [5, 6]. No cure for PCOS is currently
available, although birth control pills, anti-
androgens, metformin and clomiphene have all
been tried [6, 7]. This lack of effective treat-
ment is partially due to our limited understand-
ing of the underlying pathogenic mechanisms.

Apelin, also known as APLN, is a group of pep-
tides encoded by the human APLN gene, which
play their pleiotropic biological and pathogenic
roles by binding to G protein-coupled APJ recep-
tors [8, 9]. It has been well documented that the
APJ receptor is widely expressed in human
organs and tissues, including vascular vessels,
cardiac cells, neurons and adipocytes [8-11].
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Consistent with their wide distribution, Apelin
and the APJ receptor have been reported to be
associated with various human disorders inclu-
ding endothelial dysfunction, digestive pathol-
ogy, oxidative stress-related inflammation dis-
ease, obesity, Alzheimer disease, and cancers
[9-12]. Previous reports have shown that dys-
function of the Apelin and APJ receptor signal-
ing pathway is closely linked to PCOS [13-15].
APLN concentration in follicular fluid and granu-
losa cells (GCs), and APJ receptor expression in
GCs were found to be significantly higher in
patients with PCOS, compared with normal con-
trols [14, 15]. Overproduction of APLN in GCs
was shown to promote insulin-like growth fac-
tor 1 (IGF1)-induced steroidogenesis, through
the elevation of 3-beta-hydrosteroid dehydro-
genase (HSD3B) expression and activation of
the MAPK and Akt signaling pathways [15].
Apelin release in PCOS has been shown to be
influenced by nutritional status, such as altera-
tions of leptin and resistin secretion, resulting
in disturbance of the pituitary-ovarian axis [16].
However, the role of Apelin and the APJ receptor
pathway in PCOS pathogenesis, as well as the
regulation of their expression and function, are
still poorly understood.

microRNAs, also known as miRNAs, are non-
coding RNA molecules usually containing 22
nucleotides, which are widely expressed in vari-
ous species [17]. It has been shown that miR-
NAs can post-transcriptionally suppress gene
expression by base pairing with the mRNA of
target genes, thus producing a range of biologi-
cal and pathogenic effects [18-20]. For exam-
ple, miR-424 and miR-503 in pulmonary artery
endothelial cells, which are regulated by APLN,
ameliorated pulmonary hypertension by direct-
ly targeting the fibroblast growth factor 2 (FGF2)
and FGFR1 (fibroblast growth factor receptor 1)
[21]. Recent reports also demonstrated that
APLN expression can be repressed by miR-497,
which contributes to the lipid accumulation in
macrophages induced by the accelerated oxidi-
zation of low-density lipoproteins, suggesting a
potential therapeutic target for atherosclerosis
treatment [22]. APLN expression can also be
targeted and suppressed by miR-503 during
endogenous blood vessel repair and ischemic
damage, resulting in the inhibition of hypoxia-
induced endothelial progenitor cell prolifera-
tion and migration [23]. Although miRNAs have
been shown to be critical regulators of APLN
expression and function, miRNA-mediated AP-
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LN regulation during PCOS development has
not yet been reported.

Alterations in miRNA profiles have been report-
ed during PCOS development and treatment
[24]. More than 200 miRNAs were shown to be
differentially expressed in human follicular fluid
from patients with PCOS. These miRNAs are
involved in a number of biological processes,
such as insulin regulation and inflammation
[25]. However, their role in the pathogenesis of
PCOS remains largely unexplored. In the pres-
ent study, we aimed to investigate the role of
miR-424 in regulating Apelin and APJ receptor
expression in the context of PCOS, and their
involvement in granulosa cell proliferation and
apoptosis, in order to provide new insights into
the molecular mechanisms underlying PCOS
pathogenesis, which will lead to new therapeu-
tic targets for PCOS treatment.

Materials and methods
Patient cohort and granulosa cell purification

The follicular fluid and serum samples used in
this study were collected from patients with
PCOS who were registered with the Reproduc-
tive Medical Center of Boai Hospital of Zhong-
shan (Zhongshan, Guangdong Province, China)
between June 1%, 2015 and Dec 31, 2018.
Healthy volunteers were included in the control
group, and subjected to follicular fluid and
serum collection using the same procedures.
Written informed consent was obtained from
each participant in advance, and the research
protocol was approved by the Ethics Committee
of the Boai Hospital of Zhongshan. The purifica-
tion of GCs from follicular fluid samples from
both PCOS patients and the control group was
carried out following previously described pro-
cedures [26].

Enzyme-Linked ImmunoSorbent Assay (ELISA)

The Apelin concentration in serum, follicular
fluid and cell lysates was determined by ELISA
(Enzyme-Linked ImmunoSorbent Assay) using
Human Apelin ELISA Kits (#SBJ-HO0192; Mr Ng
Nangjing Biological, Nanjing, China) following
the manufacturer’s instructions. Briefly, serum,
follicular fluid and cell lysates were incubated
with enzyme-labeled reagent at 37°C for 30
min, washed five times, incubated with chromo-
genic solutions A and B at 37°C for 30 min, and
finally measured using a microplate reader.
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Table 1. Sequences of primers used for quantitative RT-PCR assays

relative expressional levels

of miRNA and mRNA were

Genes Forward primer (5’-3’) Reverse primer (5’-3")

AP) CCGCAAGGAACGCATCG GTGGTAGGGCATCCAGCACA ;i'fcf'atei bé’ tF';e Sltansard

hsa-miR-424-5p GCAGCAGCAATTCATGTTT ~ GTGCAGGGTCCGAGGT method. Results from
) at least three biological rep-

hsa-mir503  GTAGCAGCGGGAACAGTT  GTGCAGGGTCCGAGGT .

) licates were collected for
Apelin GCTGCTCTGGCTCTCCT TTCCTCCGACCTCCCT statistical analysis of differ-
ERK-MAPK1  ACACGTTGGTACAGGGCTC  GGTCTTCTTGTGATGGGGA ential expression,

PCNA AACCTGCAGAGCATGGACTC ~ TCATTGCCGGCGCATTTTAG

Cyclin D1 GCTGCGAAGTGGAAACCATC  CCTCCTTCTGCACACATTTGAA Immunoblotting

Cyclin E GCCAGCCTTGGGACAATAATG CTTGCACGTTGAGTTTGGGT _ _

GAPDH GAGTCAACGGATTTGGTCGT ~ GACAAGCTTCCCGTTCTCAG Relative protein abundance

Cell culture and transfection

Ovarian granulosa cell line KGN obtained from
the Riken Biosource Center (Riken, Japan) was
cultured in DMEM medium supplemented with
5% FBS at 37°C in a humidified cell culture
chamber under 5% CO,. For modulation of
miRNA expression in KGN cells, an miR-424
mimic (5-CAGCAGCAAUUCAUGUUUUGAA CAA-
AACAUGAAUUGCUGCUGUU-3’), miR-424 inhibi-
tor (5-UUCAAAACAUGAAUUGCUGCUG-3’), and
the negative controls (NC), were synthesized by
the GenePharma Company (Suzhou, China).
Mimics and inhibitors of microRNAs were trans-
fected into KGN cells using the Lipofectamine
2000 reagent (Invitrogen, USA) following the
manufacturer’s instructions. Apelin-expressing
plasmids were synthesized in the General Bio-
systems Company (Anhui, China), which were
then transfected into the KGN cells using
Lipofectamine 2000 reagent, as instructed by
the manufacturer. The expression of miRNAs
was validated by quantitative RT-PCR, and
alterations of Apelin expression were verified by
ELISA assay, 48 hours after cell transfection.

Quantitative RT-PCR assay (qQRT-PCR)

MRNA and miRNA expression was analyzed
using qRT-PCR with primer pairs listed in Table
1. Briefly, total RNA was extracted from GCs
using Trizol reagent (#15596026; Thermo
Fishier Scientific) following the manufacturer’s
instructions. Subsequently, 2.5 pg of total RNA
was used for cDNA synthesis using the mi-
Script Il RT Kit (Cat No: 218160; QIAGEN) fol-
lowing the manufacturer’s instructions. Relative
expression levels of mMRNA and miRNA were
measured using PCR with QuantiNova SYBR®
Green PCR Kits (Cat No./ID: 208052) following
instructions by the manufacturer. 3-actin and
U6 were included as the internal standard. The
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in KGN cells was deter-
mined by Western blotting
using specific primary antibodies. Briefly, total
protein was extracted from cultured KGN cells
using Tissue or Cell Total Protein Extraction
Kits (C510003; Sangon, Shanghai) following
the protocol provided by the manufacturer.
Protein concentration was measured by the
BCA method, and 30 ug of protein from each
group was heated at 100°C for 5 min, before
being separated by 10% SDS-PAGE. Proteins
on SDS-PAGE gels were then transferred onto
PVDF membranes (Millipore), which were then
blocked with 5% lipid-free milk in PBS solution,
incubated with diluted primary antibodies for 2
h at room temperature, washed 5 min with PBS
solution three times, and then incubated with
the appropriate secondary antibodies at room
temperature for 2 h. The immunocomplexes
were incubated with enhanced chemilumines-
cence (ECL) solution (Thermo Fishier Scientific)
as suggested by the manufacturer. GAPDH was
used as the internal standard for the relative
comparison of protein levels, and at least three
biological repeats were carried out for statisti-
cal analysis. The primary antibodies used in
this study include anti-Cyclin D1 (Abcam), anti-
Cyclin E1 (Bioss), anti-p-AMPKa (Thr172) (CST),
anti-Caspase3 (CST), anti-AMPK alpha (CST),
anti-PCNA (Santa Cruz), anti-p-ERK1/2 (CST),
anti-ERK1/2 (CST), anti-Apelin R (APJ) (Millipore)
and anti-GAPDH (Life).

Dual-luciferase reporter assay

The association of miR-424 with 3-UTR of
Apelin or the APJ was validated by dual-lucifer-
ase reporter assay using the pmirGLO Dual-
Luciferase miRNA Target Expression Vector
(Promega) following the manufacturer’s instruc-
tions. The recombinant pmirGLO-miR-424-mim-
ics or pmirGLO-miR-424-NC plasmids, as well
as recombinant plasmids expressing wild type
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(WT) or mutant (MUT) Apelin or APJ 3-UTR
sequences, were co-transfected into KGN cells
using Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer’s instructions. Luci-
ferase activity was detected using a GloMax®
20/20 Luminometer with the Nano-Glo® Dual-
Luciferase® Reporter (NanoDLR) Assay (Prome-
ga). The luciferase reporter assay was repeated
at least three times for the analysis of associa-
tion between miRNA and genomic sequence.

Cell cycle, proliferation, and apoptosis

KGN cell cycle progression was evaluated using
Tali™ Cell Cycle Kit (Thermo Fishier Scientific)
and quantitatively analyzed by flow cytometry.
KGN cells were incubated with the Cell Cycle
Solution in darkness for 20-25 min, and the
flow cytometry was then performed to quantify
the percentage of KGN cells at different stages
of the cell cycle. The proliferation rate of KGN
cells in this study was measured using MTS
Assay Kit (#ab197010; Abcam) following the
manufacturer’s instructions. KGN cells cultured
in 96-well plates were incubated with 20 uL/
well MTS Reagent for 2-3 h under normal cul-
ture conditions at 37°C, and cell proliferation
was evaluated by measuring the absorbance at
490 nm wavelength using a plate reader.
Apoptosis in KGN cells was analyzed using
Annexin V-FITC/propidium iodide (Pl) apoptosis
detection kit (Sigma-Aldrich) with a flow cytom-
eter, following the manufacturer’s instructions.
KGN cells were incubated with Annexin V-FITC
and PI solution for 12-15 min, and then sub-
jected to flow cytometry analysis. At least three
biological replicates were carried out for statis-
tical analysis of cell cycle progression, prolifera-
tion, and apoptosis.

Statistical analysis

Data generated in this study were analyzed
using the GraphPad Prism 7.0 (GraphPad
Software Inc., La Jolla, CA, USA) and SPSS 18.0
software (IBM, USA), with data presented as
mean + standard deviation (SD) from at least
three biological replicates. Student’s t-tests or
one-way analysis of variation were performed
for the analysis of significant difference, when-
ever appropriate. Significant difference betw-
een groups was defined by a P value of < 0.05
or < 0.01.
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Results

Differential expression of Apelin and miR-424
in patients with PCOS

To investigate the role of miR-424 in Apelin
expression and PCOS development, we first
measured the expression of Apelin in serum
and follicular fluid from patients with PCOS. We
found that Apelin level in the serum of PCOS
patients was greatly elevated compared with
the control group (Figure 1A). The Apelin con-
centration in follicular fluid from patients with
PCOS was also significantly higher than that in
the control group (Figure 1B). However, we
found the miR-424 expression in ovarian GCs
purified from the follicular fluids of PCOS
patients was significantly lower than that of the
control group (Figure 1C). In the GCs from fol-
licular fluid of PCOS patients, the expression of
the Apelin receptor APJ was greatly increased,
in comparison with the control group (Figure
1D). The significantly increased expression of
Apelin and APJ, and reduced level of miR-424
indicate the critical roles of these molecules in
GCs during the development of PCOS. The
opposite changes in miR-424 and Apelin level
in PCOS patients suggested miR-424 targets at
Apelin or APJ gene sequences.

miR-424 suppresses Apelin and APJ expres-
sion in human GCs

To investigate the regulatory effects of miRNAs
on Apelin and its receptor, the expression of
miR-424 was modulated in human granulosa
cell line KGN by transfection with specific mim-
ics and inhibitors. Figure 2A showed that the
expression of miR-424 was up-regulated when
the KGN cells were transfected with mimics. As
expected, we found Apelin in KGN cells was sig-
nificantly down-regulated by transfection with
miR-424 mimics, compared with those trans-
fected with NC (Figure 2B). In contrast, Apelin
expression in KGN cells was greatly up-regulat-
ed by transfection with miR-424 inhibitors,
compared with cells transfected with NC (Figure
2C). The expression of APJ in KGN cells was
also significantly suppressed by miR-424 mim-
ics, but markedly up-regulated by miR-424
inhibitors (Figure 2D). The changes in APJ pro-
tein abundance in KGN cells induced by mimics
or inhibitors of miR-424 were further confirmed
by Western blotting (Figure 2E and 2F). These
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Figure 1. Differential expression of Apelin, APJ, and miR-424 in PCOS patients. A. Elevated expression of Apelin in
serum from PCOS patients. Apelin concentration in human serum was determined by ELISA. B. Elevated expression
of Apelin in follicular fluid collected from patients with PCOS. Apelin concentration in follicular fluids was measured
by ELISA. C. Decreased miR-424 levels in granulosa cells (GCs) from follicular fluid of PCOS patients. D. Increased
expression of APJ in GCs purified from follicular fluid in PCOS patients. PCOS: polycystic ovary syndrome; APJ: Apelin

receptor; NOR: normal control; * indicates P < 0.05.

results suggest miR-424 suppresses the ex-
pression of both Apelin and its receptor in GCs.

miR-424 directly targets 3-UTR of Apelin and
APJ genes

Based on the inhibition of Apelin and APJ
expression by miR-424, we hypothesized that
Apelin and APJ genes are direct targets of miR-
424, To test our hypothesis, we first used the
TargetScanHuman7.1 software (http://www.
targetscan.org/vert_71/) to predict the binding
sites of miR-424 at the Apelin and APJ loci. Next
we performed a dual-luciferase reporter assay
to analyze their association. Based on our bio-
informatics analyses, the wild-type (WT) 3-UTR
sequence of the Apelin gene and a mutant ver-
sion were cloned into the recombinant plas-
mids for dual-luciferase reporter assays (Figure
3A). We found that transfection with miR-424
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mimics significantly decreased luciferase activ-
ity in KGN cells expressing the WT 3’ UTR of
Apelin, but not in KGN cells expressing the
mutant 3’ UTR (Figure 3B). The dual-luciferase
reporter assay result confirmed a direct regula-
tion between miR-424 and 3’-UTR of the Apelin
gene (Figure 3C). Using a combination of bioin-
formatics and dual-luciferase reporter assays,
we also demonstrated that miR-424 directly
targets 3-UTR of the APJ gene (Figure 3D-F).
Therefore, we conclude that miR-424 functions
as an inhibitory regulator of both Apelin and APJ
expression in KGN cells.

MiR-424 represses granulosa cell cycle and
proliferation by suppressing Cyclin D/E down-
stream of APJ

To further investigate the cellular functions of
miR-424 during PCOS development, we ana-
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Figure 2. Suppression of Apelin and APJ expression in KGN cells by miR-424. (A) gRT-PCR was used to measure the
expression of miR-424. (B) Decreased expression of Apelin in KGN cells transfected with miR-424 mimics. Apelin
concentration in KGN cells was determined by ELISA. (C) Elevated expression of Apelin in KGN cells transfected with
miR-424 inhibitors. Apelin concentration in KGN cells was measured by ELISA. (D) Alterations of APJ expression in
KGN cells transfected with miR-424 mimics and inhibitors. qRT-PCR was used to analyze APJ gene expression. (E,
F) APJ protein abundance in KGN cells transfected with miR-424 mimics (E) and miR-424 inhibitors (F). APJ: Apelin
receptor; NC: negative control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; * and ** indicates P < 0.05

and < 0.01, respectively.

lyzed the effect of miR-424 expression on KGN
cell cycle progression and proliferation. We
showed, using flow cytometry, that transfection
with  miR-424 mimics caused a significant
increase in the number of KGN cells at the S
phase during cell cycle progression, compared
with those transfected with the negative con-
trol (Figure 4A and 4B). Next we measured the
expression of major regulators of cell prolifera-
tion and cell cycle progression, including ERKs
(extracellular signal-regulated kinases), CCND1
(cyclin D1), CCNE (cyclin E), PCNA (Proliferating
cell nuclear antigen), and phosphorylated forms
of AMPK (AMP-activated protein kinase) and
ERK1/2. Although we observed no significant
changes at the mRNA level (Figure 4C), we
found that the abundance of phosphorylated
ERK1/2, CCND1, and CCNE proteins in KGN
cells was suppressed by miR-424 mimics, and
increased by miR-424 inhibitors (Figure 4D).
We also found that the proliferation capability
of KGN cells was significantly repressed by
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transfection with miR-424 mimics, but was
increased by transfection with miR-424 inhibi-
tors (Figure 4E). In addition, we observed an
increase in PCNA expression in KGN cells indu-
ced by the miR-424 inhibitor (Figure 4F). These
results indicate that miR-424 inhibits granulo-
sa cell proliferation and cell cycle progression
by suppressing the expression of CCND1, CCNE
and phosphorylated ERK1/2, which function
downstream of the APJ receptor.

MiR-424 promotes granulosa cell apoptosis
mediated by Caspase-3 truncation

To gain more insight into the role of miR-424 on
GCs, we investigated how expression changes
in miR-424 affect KGN cell apoptosis. We
observed that transfection with miR-424 sig-
nificantly increased the proportion of apoptotic
KGN cells in comparison with negative control,
whereas miR-424 inhibitor suppressed the
apoptosis of KGN cells (Figure 5A). We found
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Figure 3. miR-424 directly targets 3’-UTR of Apelin and APJ genes. A. The 3’-UTR of the Apelin gene used for con-
struction of recombinant plasmids for dual-luciferase reporter assays. B. Direct targeting of the 3’ UTR of Apelin
gene by miR-424 in human KGN cells. C. The binding sites of miR-424 on the Apelin gene was predicted by Tar-
getScanHuman 7.1. D. The 3’-UTR of the APJ gene used for construction of recombinant plasmids for dual-luciferase
reporter assays. E. Direct targeting of 3'-UTR of APJ by miR-424 in human KGN cells, shown by dual-luciferase re-
porter assays. F. Binding of miR-424 to 3’ UTR of APJ gene predicted by TargetScanHuman 7.1 software. APJ: Apelin
receptor; NC: negative control; WT: wild type; MUT: mutant; UTR: untranslated region; * and ** indicates P < 0.05

and < 0.01, respectively.

that the percentage of KGN cells in the late
stage of apoptosis was significantly increased
after transfection with miR-424 mimics (Figure
5B). Consistent with the change in the percent-
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age of apoptotic cells, we confirmed by Western
blotting that the amount of truncated Caspase-
3 protein was markedly increased in KGN cells
after transfection with miR-424 mimics, and
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Figure 4. Suppression of KGN cell cycle progression and proliferation by miR-424. A. KGN cell cycle progression after
transfection with miR-424 mimics and inhibitors. More KGN cells at S stage were observed using flow cytometry af-
ter miR-424 mimics transfection. B. Quantitation of KGN cells at different stages of cell cycle following transfection
of miR-424 mimics and inhibitors. C. Relative mRNA levels of ERK1/2, CCND1, CCNE, and PCNA genes in KGN cells
transfected with miR-424 mimics and inhibitors. Gene expression was analyzed by quantitative RT-PCR. D. Protein
abundances of p-AMPK, p-ERK1/2, CCND1, and CCNE in KGN cells transfected with miR-424 mimics and inhibitors.
E. Proliferation of KGN cells transfected with miR-424 mimics and inhibitors by MTS. F. PCNA protein abundance in
KGN cells transfected with miR-424 mimics and inhibitors, determined by Western blotting. NC: negative control;
ERKs: extracellular signal-regulated kinases; CCND1: cyclin D1; CCNE: cyclin E; PCNA: Proliferating cell nuclear anti-
gen; AMPK: AMP-activated protein kinase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; *P < 0.05.
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Figure 5. miR-424 promotes KGN cell apoptosis by inducing Caspase-3 truncation. A. Alteration of KGN cell apopto-
sis induced by transfection with miR-424 mimics and inhibitors. Cell apoptosis was analyzed by flow cytometry. B.
Quantitation of apoptotic KGN cells transfected with miR-424 mimics and inhibitors. C. The abundance of Caspase-3
protein and truncated Caspase-3 protein in KGN cells transfected with miR-424 mimics and inhibitors. Western
blotting was performed to analyze protein abundance. NC: negative control; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; *P < 0.05.

greatly suppressed by transfection with miR-
424 inhibitors (Figure 5C). These results show
that miR-424 effectively promotes granulosa
cell apoptosis mediated by the increase in trun-
cated Caspase-3 protein.

miR-424 represses proliferation and promotes
apoptosis of GCs by repressing Apelin expres-
sion

To investigate the role of Apelin expression in
the regulation of granulosa cell proliferation
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and apoptosis by miR-424, we further analyzed
the KGN cells after combined treatment with
miR-424 mimics and synthesized Apelin 13
peptides or Apelin-overexpressing plasmid
(LVOO3-Apelin). We found that both Apelin 13
peptides and LVOO3-Apelin plasmid induced
significant increase in KGN cell proliferation
rate (Figure 6A). The proliferation rate of KGN
cells treated with the combination of Apelin 13
peptides and miR-424 mimics showed signifi-
cant increases compared with those treated
with miR-424 mimics alone (Figure 6A). The
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Figure 6. miR-424 modulates KGN cell proliferation and apoptosis by suppressing Apelin expression. A. Changes in
KGN cell proliferation rate after being treated with multiple combinations of miR-424 inhibitors, LVO03-Apelin over-
expression construct, and Apelin 13 peptides. Cell proliferation was analyzed by MTS. B, C. Alterations in KGN cell
cycle progression after being treated with multiple combinations of miR-424 inhibitors, LVOO3-Apelin construct, and
Apelin 13 peptides. Cell cycle progression was assessed by flow cytometry. D, E. Regulation of KGN cell apoptosis
by multiple combinations of miR-424 inhibitors, LVOO3-Apelin construct, and Apelin 13 peptides. Cell apoptosis was
evaluated by flow cytometry. NC: negative control; ns: non-significant difference; * and # indicate P < 0.05.

proliferation rate of KGN cells treated with the
combination of LVOO3-Apelin plasmid and miR-
424 mimics also exhibited a significant increase
compared with those treated with miR-424
mimics alone (Figure 6A). Consistent altera-
tions in KGN cell cycle progression and apopto-
sis were also observed in cells under the same
set of treatments (Figure 6B-E). These results
demonstrate that the effects of miR-424 on
KGN cell proliferation and apoptosis were medi-
ated by Apelin.

Compared with KGN cells treated with VOO3-
Apelin plasmid alone, the transfection of VO03-
Apelin plasmid combined with miR-424 mimics
induced a significant decrease in KGN cell pro-
liferation (Figure 6A). However, in comparison
with KGN cells treated with Apelin 13 peptide
alone, the combination of Apelin 13 peptide
and miR-424 mimics caused no decrease in
KGN cell proliferation rate (Figure 6A). The pro-
liferation rate of KGN cells treated with a com-
bination of VOO3-Apelin plasmid and miR-424
mimics was significantly lower than that of cells
treated with a combination of Apelin 13 peptide
and miR-424 mimics (Figure 6A). The cell cycle
progression and apoptosis of KGN cells showed
corresponding changes after the same set of
treatments (Figure 6B-E). Together, these re-
sults support that miR-424 suppresses prolif-
eration and promotes apoptosis in KGN cells by
inhibiting the expression of the Apelin gene,
instead of by repressing the activity of Apelin
peptides.

Discussion

Human ovarian GCs are located on the surface
of ovarian follicles, and play a critical role in
follicular formation and development. They
secrete estrogen to maintain the physiological
function of ovarian follicles [27]. Previous
reports have demonstrated that dysregulated
proliferation and apoptosis of ovarian GCs are
closely associated with the pathogenesis of
PCOS [27]. Therefore, human ovarian granulo-
sa cell lines such as KGN have been studied to
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understand PCOS pathogenesis and treatment
[28, 29]. During the development of PCOS,
ovarian GCs usually show increased cell prolif-
eration and suppressed apoptosis [28]. How-
ever, the molecular mechanisms modulating
the proliferation and apoptosis of human ovari-
an GCs in PCOS remain poorly understood.

In this present study, we found that miR-424
expression was greatly down-regulated in ovar-
ian GCs from PCOS patients, while Apelin and
APJ expression showed the opposite change.
Further investigation showed that miR-424
directly targets 3" UTR of both Apelin and APJ
genes in the KGN cells. These results suggest-
ed that the regulation of Apelin and APJ gene
expression by miR-424 plays a critical role dur-
ing PCOS development. Previous reports have
shown that Apelin and its receptor were regu-
lated by a number of miRNAs such as miR-497
and miR-503 [22, 23]; however, no microRNAs
were shown to regulate Apelin signaling in the
context of PCOS. Here, we showed that Apelin
and APJ were regulated by miR-424 in human
ovarian GCs, consistent with previous notions
that Apelin pathways were modulated by vari-
ous miRNAs during different pathogenic pro-
cesses. Apelin signaling was also shown to
regulate the function of miRNAs, including miR-
424 and miR-503 [21]. Whether the same is
true in ovarian GCs during PCOS pathogenesis
requires further investigation.

The development of PCOS has been shown to
be closely associated with human ovarian gran-
ulosa cell survival and proliferation [27, 30].
Proliferation in the granulosa cell population in
PCOS patients was found to be significantly
accelerated, accompanied by largely increased
expression of cell survival factors [27]. The sup-
pression of ovarian granulosa cell proliferation
has been conjectured to be an effective app-
roach for inhibiting PCOS progression. microR-
NA-145 was shown to negatively regulate the
expression of insulin receptor substrate 1
(IRS1) and the proliferation of ovarian GCs from
PCOS patients [31]. These results indicate the
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potential of miR-145 as a novel and promising
molecular target for PCOS treatment. In the
present study we showed that the proliferation
of human ovarian GCs was significantly repre-
ssed by miR-145 mimics [32]. Cyclins D and E
are critical regulators of cell cycle progression
associated with cell proliferation in various bio-
logical and pathogenic processes [33-35]. In
this study, we showed that miR-424 effectively
suppressed the expression of Cyclin D and E,
providing additional molecular evidence sup-
porting the role of miR-424 in modulating hu-
man ovarian granulosa cell proliferation. We
demonstrated that miR-424 functions as a
previously unknown inhibitor of human ovarian
granulosa cell proliferation during PCOS deve-
lopment.

In addition to the accelerated proliferation, the
apoptosis of human ovarian GCs was reported
to be inhibited during PCOS development, wh-
ich is an additional cellular mechanism underly-
ing PCOS pathogenesis [27, 36]. Apoptosis of
ovarian GCs could also be regulated by miRNA
molecules. For example, miR-141-3p, which
was significantly down-regulated in the ovaries
of a PCOS rat model, was shown to inhibit the
apoptosis of rat ovarian GCs, thus being impli-
cated in the etiology of PCOS [37]. In the pres-
ent study, we found that the apoptosis of
human ovarian GCs was promoted by miR-424
mimics, and inhibited by miR-424 inhibitors.
Cell apoptosis in various tissues was promoted
by the Caspase-related signaling pathways,
especially the truncation and activation of
Caspase-3 [38]. Here we found that the accel-
eration of apoptosis in human ovarian granulo-
sa cell by miR-424 was accompanied by
Caspase-3 activation. Combined with the regu-
lation of ovarian granulosa cell proliferation
described above, our results showed that miR-
424 serves as an important hub exerting pleio-
tropic effects on human ovarian GCs, including
cell proliferation, cell cycle progression, and
apoptosis. These findings suggested that miR-
424 is a promising target for new therapeutic
regimens for PCOS patients.

We also showed that the regulation of human
ovarian granulosa cell proliferation and apopto-
sis by miR-424 was mediated by modulating
Apelin expression, instead of inhibiting activity
of synthesized Apelin peptides. These results
provided additional information on the mole-
cular events during miR-424-regulated PCOS
pathogenesis, which could lead to new drug
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development and treatment. In this study we
have demonstrated that miR-424, which is sup-
pressed in PCOS development, inhibit prolifera-
tion and promote apoptosis of human ovarian
GCs via targeting Apelin expression and its APJ
receptor. These observations provide new
insights into microRNA-mediated PCOS patho-
genesis and a basis for the development of new
treatments for PCOS patients by targeting miR-
NAs and Apelin signaling.
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