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Abstract 

Background: Polycystic ovary syndrome (PCOS) is an endocrine‑related follicular developmental disorder that affects 
50 %‑70 % of reproductive‑aged women diagnosed with ovulation‑related infertility. Abnormal proliferation and 
apoptosis of granulosa cells (GCs) are thought to be the critical factors leading to abnormal maturation of follicles. 
It has been shown that microRNAs (miRNAs) exert a significant influence in the pathogenesis of PCOS; however, the 
relationship between miRNA, PCOS, and GC apoptosis is not entirely understood.

Methods: To clarify the effect of miR‑194 in PCOS, CCK‑8, Ki67 staining, AO/EB, and flow cytometry assays were used 
to assess cell growth, proliferation, and apoptosis in KGN cells, which were artificially stimulated to overexpress miR‑
194. Luciferase reporter assays and rescue experiments were used to elucidate the mechanism underlying miR‑194 in 
PCOS.

Results: miR‑194 expression was significantly up‑regulated in rat models of PCOS and the ovarian GCs of PCOS 
patients. miR‑194 suppression promoted KGN cell growth and proliferation. miR‑194 overexpression also induced cell 
apoptosis, while miR‑194 downregulation had an opposite effect. Furthermore, up‑regulating heparin‑binding EGF‑
like growth factor (HB‑EGF) expression rescued the pro‑apoptotic effects of miR‑194 upregulation on KGN cells.

Conclusions: miR‑194 is increased in PCOS granulosa cell and mayfunction as a novel biomarker and therapeutic 
target for KGN cells via HB‑EGFregulation.
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Background
Polycystic ovary syndrome (PCOS) is an endocrine dis-
order that affects female fertility. It has been reported 
that 5 %-10 % of women are infertile because of PCOS 

[1, 2], which is characterized by metabolic disorders, 
such as insulin resistance, infertility, ovulation failure, 
hyperandrogenism, and menstrual disorders, which 
are detrimental to a patient’s overall mental and physi-
ologic well-being [3]. Studies have demonstrated that 
FSH promotes granulosa cell (GC) proliferation and 
differentiation [4]. Follicular atresia is a significant 
cause of female infertility. Indeed, this phenomenon is 
closely related to ovarian follicle development and GC 
apoptosis, and GC apoptosis is thought to be the pri-
mary mechanism underlying follicular atresia. Given 
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the high prevalence of PCOS, the work had the purpose 
of identifying a new biomarker and therapeutic target 
for PCOS.

MicroRNAs (miRNAs) are ~22nt long small and non-
coding RNAs that directly target the 3′-UTR region of 
mRNAs, thus affecting mRNA transcription and transla-
tion [5, 6]. miRNAs have been reported to have essential 
functions in metabolic disorders, including PCOS [7–9]. 
Specifically, miR-206 promotes LPS-induced inflam-
mation and release of amyloid-beta by targeting IGF1 
in microglia [10]. The miR-200 family (miR-200b and 
miR-200c) is up-regulated in GCs and inhibits KGN 
cell growth by repressing PTEN [11]. Additionally, miR-
874-3p induces GC apoptosis by suppressing HDAC1-
mediated p53 deacetylation due to testosterone exposure 
[12]. Furthermore, miR-103 has likely been associated 
with PCOS through its effect on IRS1 and subsequent 
modulation of the PI3K/AKT signaling pathway [13]. 
These findings showed that miRNAs are well-established 
in post-transcriptional regulation involved in PCOS-
related molecular expression and GC apoptosis in PCOS.

In the current study, we focused on miR-194 because 
previous studies have alluded to its tumor-suppressive 
effects. Wang et  al. [14]. reported that miR-194 expres-
sion is downregulated in gastric cancer tissues. Sun et al. 
[15]. showed that miR‐194 suppresses SSH2 expression in 
colon cancer stem cells. Li et al. [16] suggested that miR-
194 functions inhibit laryngeal squamous cell carcinoma 
via Wee1 suppression. In addition, in prostate cancer, 
miR-194 can inhibit human nuclear distribution protein 
expression leading to an overall antitumor effect [17]. 
Despite the wealth of evidence regarding various func-
tions of miR-194, little is known regarding the impact of 
miR-194 on GCs in PCOS.

Heparin-binding EGF-like growth factor (HB-EGF) was 
first detected in the brainstem and shown to play a role in 
neuronal and glial maturation. HB-EGF protects against 
phenotypes related to metabolic syndrome and advanced 
metabolic diseases, suggesting that HB-EGF is a poten-
tial target in metabolic disorders [18]. HB-EGF has been 
reported to be related to cell proliferation, migration, and 
inflammation in many diseases [19]. In addition, HB-EGF 
has been shown to have an essential role in ovarian matu-
ration. Shen et al. [20] suggested that HB-EGF regulates 
the development of ovarian cancer cells. Robertson et al. 
[21]. reported that HB-EGF may be involved in embryo 
loss and fetal programming regulated by cytokines that 
are toxic to the growing embryo; however, the effects of 
HB-EGF on GC cells in PCOS have not been established.

Therefore, the purpose of our experiments is to explore 
the expression of miR-194/HB-EGF in GCs of PCOS 
patients and a PCOS rat model. Also, investigate the 
role and effect of miR-194/HB-EGF in KGN cell growth, 

proliferation, and apoptosis to the underlying mechanism 
of miR-194/ HB-EGF in PCOS progress.

Materials and methods
Experimental animals
Sixteen 21-day-old female SD rats were purchased from 
the Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China). Animal protocols were 
approved by the Animal Care and Use Committee of 
Guangzhou Medical University (protocol number: 
NX-2019-023). Rats were randomly divided into a control 
cohort (n = 8) or the PCOS cohort (n = 8). All animals 
were maintained at room temperature (22–26  °C) and a 
12-h light/dark cycle with filtered air and access to food 
and water ad libitum. Briefly, eight female rats received 
subcutaneous injections of Dehydroepiandrosterone 
(DHEA) daily (6  mg/100  g body weight [100  µl/rat in 
sesame oil with 10 % 95 % ethanol]; Sigma, daily for 20 
consecutive days. All animals were sacrificed via cervi-
cal vertebrae dislocation (CVD) upon completion of the 
experiments. Hematoxylin and eosin (H&E) staining of 
rat ovaries and ELISA kit of serum results showed that 
the PCOS rat model was established (Fig. S1). Serum lev-
els of FSH, LH, E2, and T were quantified to confirm the 
validity of the PCOS model.

Patient samples
Twenty females (<35 years of age) who were undergo-
ing planned in vitro fertilization (IVF) at our fertility 
center between December 2019 and November 2020 
were enrolled in the current study and selected for fur-
ther analysis of their ovarian GCs. Ten of the patients 
were diagnosed with PCOS based on the Rotterdam 
criteria (Rui Wang et al. 2017). Ten patients had regular 
menstrual cycles (non-PCOS group) and male infertil-
ity. None of the patients were treated with exogenous 
hormones for at least six months prior to enrollment in 
this study. Women with endometriosis and a history of 
recurrent abortions, genetic diseases, low ovarian func-
tion, and other systemic chronic diseases were excluded. 
All participants provided informed consent prior to 
inclusion. The Institutional Ethics Committee approved 
all study protocols of the Third Affiliated Hospital of 
Guangzhou Medical University (Ethics Review Board, 
2018NO:083; Guangzhou, China).

Granulosa cells
Follicular fluid (FF) from 20 patients was collected from 
a pooled follicular aspirate during oocyte retrieval. The 
FF was centrifuged at four °C (Thermo Fisher Scientific, 
Shanghai, China), washed with 4 ml of lymphocyte sepa-
ration medium (Biosharp, Shanghai, China), lysed with 
2 ml of red blood cell lysis solution (Biosharp), digested 
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with 200 ul of 0.25 % EDTA-trypsin (Gibco, Grand Island, 
NY, USA), and creened with 70 mm to obtain GCs. All 
GC samples were stored at -80  °C for protein and RNA 
analyses.

Cell culture and treatment
KGN cells were purchased from the Riken Cell Bank 
(Wako, Saitama, Japan) [22]. KGN cells were cultured in 
high-glucose conditions using DMEM (Gibco) contain-
ing 10 % FBS (Gibco), 100 U/ml penicillin, and 100  µg/
ml of streptomycin. All cells were maintained at 5 %  CO2 
with 37 °C. Transfection with a blank vector and a miR-
194 mimic or inhibitor (RiboBIO, Guangzhou, China) 
was then carried out using  RiboFECTTM CP (RiboBIO).

CCK‑8 assay
The CCK-8 assay kit (Dojindo Molecular Technologies, 
Japan) was used to assess cell growth. KGN cells (2 ×  103) 
were plated for 24  h in 96-well plates before treat-
ment (miR-194 mimic, miR-194 inhibitor, or miR-194 
mimic+HB-EGF) for 48  h. At the end of the treatment 
period, all cells were exposed for two h to 10 µl of CCK-8 
reagent in a 5 %  CO2 atmosphere at 37 °C. A microplate 
reader was then used to visualize cell growth at 450 nm 
(Thermo Scientific).

AO/EB assay
An AO/EB assay kit (Solarbio, Beijing, China) was used 
to detect cell apoptosis. KGN cells (1 ×  103) were first 
transfected with miR-194 mimic, miR-194 inhibitor, or 
miR-194 mimic+HB-EGF for 48  h, were exposed to 20 
µM AO/EB (1:1) in 1 ml of PBS for 2 - 5 min, followed 
by a PBS rinse every 15 min. A fluorescence microscope 
(PH-YGD; Phoenix Co., ShangRao, China) was utilized to 
detect apoptosis-positive cells.

Flow cytometry
The cell apoptosis rate was detected using a relevant kit 
(Wanleibio, Shenyang, China). Briefly, KGN (1 ×  104) 
cells were transfected for 48  h with a miR-194 mimic, 
miR-194 inhibitor, or miR-194 mimic+HB-EGF, then 
processed using trypsin. FITC (5 µL) and 10 µL of PI were 
then added. A flow cytometer (Phoenix Co.) was used to 
detect the apoptotic rate.

qRT‑PCR
RNAs were extracted using TRIzol reagent (Thermo 
Fisher Scientific, Sunnyvale, CA, USA). cDNA was syn-
thesized using a SuperScript II first-strand cDNA synthe-
sis kit (Thermo Fisher Scientific). A TaqMan MicroRNA 
assay (Thermo Fisher Scientific) was used to facilitate 
the qRT-PCR reaction on an ABI Prism 7900 detection 
system. Relative gene expression was evaluated using the 
2 − ΔΔCq method. Table 1 shows the relevant PCR prim-
ers used in this study.

Western blot
Total protein was extracted from KGN cells and ovar-
ian tissues. Samples (60 – 80  mg of protein) were sub-
sequently separated with 10 %~12.5 % SDS-PAGE gels 
for two h using a 300-mA electric current. Non-fat milk 
was used to treat membranes for 2 h at 4 °C before prob-
ing overnight with antibodies against HB-EGF (catalog 
# 15,071; Cell Signaling Technology, USA), p53 (catalog 
# wL01919; Wanleigio), p21 (catalog # WLH0362; Wan-
leigio), p16 (catalog # WLH3673; Wanleigio) and β-actin 
(catalog # 3700; Cell Signaling Technology). After that, 
membranes were incubated with infrared (IR) fluorescent 
dye-conjugated secondary antibodies (1:10,000 – 20,000 
dilution; LI-COR Biosciences, Lincoln, NE, USA) for 1 h. 
An LI-COR Biosciences Infrared Imaging System was 
used to detect blots with the band intensity quantified 
using LI-COR Biosciences Odyssey 3.0 software. All val-
ues were standardized against β-actin expression.

Luciferase reporter assay
The Mut sequences or WT binding sites of the HB-EGF 
3′-UTR were transfected into the pGL3 promoter vec-
tor SacI and KpnI sites (RiboBIO). The  RiboFECTTM CP 
system (RiboBIO) was used to transfect KGN cells with 
pGL3-HB-EGF-WT or pGL3-HB-EGF-MUT, as well as 
miR-194 mimics or miR-NC mimic (RiboBIO). A lucif-
erase reporter assay (Promega, Madison, WI, USA) was 
used to evaluate luciferase activity.

miRNA‑target gene interactions
Potential miR-194 gene targets were predicted using four 
databases, including Targetscan [23], PicTar5 [24], and 

Table 1 Primers for qRT‑PCR

5’‑3’ 3’‑5’

HBEGF: CGG GGA GTG CAG ATA CCT G, TTC TCC ACT GGT AGA GTC AGC;

GAPDH: GTC TCC TCT GAC TTC AAC AGCG, ACC ACC CTG TTG CTG TAG CCAA;

miR‑194: ATG GAC CTG GGG CCA CGA AG, TCT GGC CTG GGA GCG TCG 

U6  TTC GTG AAG CGT TCC ATA TTTT 
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PITA [25] databases. Table  2 depicts a total of 29 miR-
194 target genes that were identified.

ELISA assay
ELISA kits were used to assess serum levels of FSH, LH, 
and T and E2 (catalog #’s H101-1-2, H206-1-2, and H102-
1, respectively; Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, Jiangsu, China).

TUNEL and ki67 assay
KGN cells were first exposed to miR-194 mimic, miR-
NC mimic, or miR-194 mimic+HBEGF for 48  h before 
processing for 30 min with 4 % formaldehyde. Cells were 
subsequently processed according to protocols pro-
vided by WanLeiBIO. An apoptosis detection kit (cata-
log # WLA030; WanLeiBIO) enabled us to perform the 
TUNEL assay as previously described [26, 27]. The sec-
tions were photographed under a fluorescent microscope 
within 2 h. Image J software was used to quantify the cell 
apoptosis rate.

Ki67 expression was determined as previously 
described. Image J software was used to quantify Ki67 
expression after treatment with miR-194 or miR-NC 
inhibitor in KGN cells.

Statistical analysis
All data are depicted as the mean ± SEM and analyzed 
using SPSS version 21.0 software (IBM Corp., Armonk, 

NY, USA). Student’s t-test was used to analyze variances 
between two groups, while multi-group comparisons 
were assessed using analysis of variance (ANOVA). The 
level of significance was set as P < 0.05.

Results
miR‑194 expression was up‑regulated in PCOS GCs
miR-194 expression was up-regulated in the GCs of 
PCOS patients in contrast to the normal group as shown 
by qRT-PCR (Fig. 1 A).

miR‑194 expression was increased in the PCOS rat model
We determined the effect of miR-194 in vivo. As shown 
in Figure S1, DHEA-treated rats presented PCOS phe-
notypes, including the increasing weight of the ovary, 
polycystic, etc. The changed serum hormone levels 
(Follicle-stimulating hormone(FSH), Estradiol(E2), 
Testosterone(T), and luteinizing hormone(LH)) also 
testified the pathogenesis of PCOS rats (Figure S1). The 
ovarian miR-194 expression was increased in the rat 
model compared to control rats (Fig.  1B). This finding 
serves to further highlight the role of miR-194 as a poten-
tial PCOS promoter.

miR‑194 suppressed KGN cell growth while inducing cell 
apoptosis
We then hypothesized that miR-194 functions to pro-
mote PCOS progression, given the aberrant miR-194 

Table 2 The genes intersection of bioinformatics websites

Common elements in PITA & TargetaScan & PicTar and miRD:

ARHGAP21   CSNK1D   RSBN1L   NRN1     STX16     MID1IP1    WAPAL      TSPAN7     NAA50    HOOK3   MEIS2     EPC2      FOXA1         SPCS2      SETD8        
ITPKB     HNF1B   PTPN12    UBR3     LRRFIP1    HB‑EGF   SEPHS1       GYG1      TLN2    C7orf60   BCKDHA   LUC7L3     DUSP9  SSH2

Fig. 1 PCOS GCs harbored up‑regulated miR‑194 expressions. qRT‑PCR was used to evaluate miR‑194 expressions in PCOS GCs (A) and PCOS rat 
ovarian tissues (B). 𝑛 = 3‑6 for each group. *P < 0.05 vs. control group
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expression in KGN cells. To confirm our hypothesis, 
we artificially knocked down or stimulated miR-194 
expression in KGN cells with a miR-194 inhibitor or 
mimic, respectively. KGN cell viability was significantly 
downregulated in cells exposed to miR-194 mimic 
but was up-regulated in cells exposed to the miR-194 
inhibitor (Fig.  2  A). The impact of miR-194 on cell 
proliferation was investigated using the Ki67 assay. 
miR-194 inhibition promoted KGN cell proliferation 
compared with the control group (Fig.  2B). Both AO/
EB and flow cytometry were used to demonstrate that 
KGN cell apoptosis was increased by miR-194 upregu-
lation. Increased miR-194 expression induced KGN cell 
apoptosis compared with the control group (Fig.  2  C, 
D). p53,p21, and p16 protein expression were increased 
after transfection with a miR-194 mimic in KGN cells 
(Fig. 2E).

miR‑194 directly targeted HB‑EGF
miRNAs are known post-transcriptional modifiers and 
directly bind to the 3’UTR region of their target genes(Li 
et  al. [28]). Bioinformatics methods enabled the predic-
tion of the miR-194 target gene; specifically, HB-EGF was 
shown to be a potential target gene (Fig. 3 A and Table 2). 
We then determined the relationship between miR-194 
and HB-EGF using WT-HBEGF and MUT-HBEGF bind-
ing units of miR-194, as shown in Fig. 3B. miR-194 mim-
ics repressed HB-EGF protein and mRNA expression in 
KGN cells (Fig.  3  C, D). In addition, co-transfection of 
WT-HB-EGF with a miR-194 mimic decreased activity in 
the luciferase reporter assay. In contrast, co-transfection 
of MUT-HB-EGF with a miR-194 mimic yielded no sig-
nificant change (Fig.  3E). We also showed that HB-EGF 
and miR-194 were negatively regulated in PCOS GCs 
(r=-0.417, P=1.24e-04, Fig. 3 F).

Fig. 2 miR‑194 regulated KGN cell growth and apoptosis. (A) A CCK‑8 assay assessed KGN cell viability upon treatment with miR‑194 mimic or 
inhibitor. (B) Ki67 was utilized to determine the proliferative ability of KGN cells upon transfection with miR‑194 or miR‑NC inhibitors. (C‑D) The 
AO/EB and flow cytometry were used to detect the KGN cell apoptosis. (E) p53, p21 and p16 protein level after treatment with miR‑194 or miR‑NC 
mimic. 𝑛 = 3‑6 for each group. *P < 0.05 vs. miR‑NC group
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HB‑EGF expression was downregulated in PCOS GCs 
and ovarian tissues of a PCOS rat model
To further confirm the role and effect of HB-EGF in 
PCOS, we first evaluated HB-EGF expression in ovarian 
tissues from a PCOS rat model (Fig. 4 A, B) and PCOS 
GCs (Fig. 4 C). HB-EGF was drceased in GCs from PCOS 
patients and the PCOS rat model in contrast to the nor-
mal group, based on qRT-PCR and Western blotting.

HB‑EGF upregulation reversed the impact of miR‑194 
mimic on KGN cell apoptosis
We then explored the potential involvement of HB-EGF 
in the pathogenesis of PCOS. Rescue experiments were 
used to determine the relationship between miR-194 
mimic and HB-EGF overexpression (HB-EGF-OE). We 

first used KGN cells transfected with either a miR-194 
mimic or an HB-EGF-OE. As shown in Fig.  5  A, the 
expression of HB-EGF was up-regulated in KGN cells. In 
Fig.  5B, HB-EGF was remarkably downregulated when 
cells were transfected with a miR-194 mimic, while HB-
EGF reversed this trend. AO/EB and flow cytometry were 
used to assess KGN cell apoptosis when co-transfected 
with miR-194 mimic or miR-194 mimic+ HB-EGF-OE 
(Fig.  5  C, D). HB-EGF upregulation rescued KGN cell 
apoptosis induced by miR-194 mimic alone.

Discussion
PCOS is an endocrine-related ovarian defect with com-
plex etiologic factors that adversely affect reproduc-
tive-aged women. The leading cause of infertility is a 

Fig. 3 HB‑EGF was directly targeted by miR‑194.  A Venn diagram demonstrates the intersection of data extracted from several bioinformatics 
websites. (B) Binding sites shared between miR‑194 and HB‑EGF. (C‑D) HB‑EGF protein and mRNA expression in the GCs. KGN cells were transfected 
for 48 h with miR‑194 mimic, miR‑194 inhibitor, or the miR‑NC group. (E) Luciferase reporter assays. (F) miR‑194 and HB‑EGF mRNA expression in 
PCOS patient ovarian GCs. n= 3‑6 for each group; *P < 0.05 vs. control group or miR‑NC group
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disorder in follicle development, which is stagnated in 
the antrum follicle stage (L J Webber et al. 2003, Franks 
S et  al. 2008). Diabetes mellitus (DM) is characterized 
by hyperglycemia and hyperinsulinemia; PCOS patients 
exhibit the same symptoms [29–31]. Ovarian GCs form 
gap junctions with oocytes and play an essential role in 
the growth and development of oocytes [32, 33]. Thus, 
PCOS development has been established as a product of 
aberrant GC proliferation and apoptosis [34–36]. Nota-
bly, miRNAs have critical functions in a myriad of dis-
eases, including PCOS [37]. Previous studies have shown 
that miRNA is abnormally expressed in follicular fluid 
and has been shown to modulate follicular development 
in human GCs. miR-194 has been implicated in several 
different malignancies, such as gastric cancer cell growth 
and lung cancer cell apoptosis [38, 39]. however, the role 
and effect of miR-194 in ovarian GCs are not entirely 
understood.

For the first time, the present study characterized miR-
194 and HB-EGF expression in the GCs of PCOS patients 
and a PCOS rat model. Our results showed that miR-194 
expression was up-regulated in PCOS GCs and a PCOS 
rat model, while there was an opposite effect on HB-EGF. 

We also demonstrated the relationship between miR-194 
and HB-EGF, which shed light on the potential mecha-
nism underlying GC growth and apoptosis. This series of 
experiments revealed that miR-194 induced GC apoptosis 
while likely inhibiting proliferation by targeting HB-EGF.

Evidence suggests that HB-EGF supports embryonal 
development, as well as the result of certain diseases [21]. 
Fontaine et al. reported that HB-EFG maintains myogenic 
tone in small vessel disease (Sethuraman et al., 2018). In 
contrast, HB-EGF protects against phenotypes related to 
metabolic syndrome and advanced metabolic disorders, 
suggesting that HB-EGF is a potential target against meta-
bolic diseases, such as hyperinsulinemia, hyperglycemia, 
and increased oxidative stress, all of which are in com-
mon with insulin dysregulation [18]. Our study provides 
the first genetic evidence that HB-EGF plays a critical 
role in PCOS progression. In the present study, HB-EGF 
mRNA and protein expression were decreased in PCOS 
GCs and a PCOS rat model. Herein we demonstrated 
elevated HB-EGF expression in PCOS and up-regulated 
HB-EGF expression rescue increased the GC apoptosis 
rate triggered by exposure of the cells to a miR-194 mimic. 
This finding is consistent with HB-EGF amelioration of 

Fig. 4 HB‑EGF was decreased in ovarian tissues from PCOS rat model and PCOS GCs. (A) Western blotting and (B) qRT‑PCR were used to quantify 
HB‑EGF protein and mRNA levels in the PCOS rat model. (C) qRT‑PCR demonstrate HB‑EGF mRNA expression in PCOS patient GCs and the control 
group (n=10). B‑C. 𝑛 = 3‑6 for each group. *P < 0.05 vs. control group
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oxidative stress-mediated uterine decidualization dam-
age, downregulation of circulatory lipid levels, protection 
against atherosclerosis in the vascular wall, and attenua-
tion of lung inflammation and injury in a murine model 
of pulmonary emphysema (Hai-Fan Yu et al. 2019,S Kim 
et al. 2019,Yanwei Suet al. 2019). .

It has been reported that miR-194 regulates various 
diseases by targeting genes, such as GRB2-associated 
binding protein 1 (GAB1) [40], nuclear receptor sub-
family 2 group F member 2 (NR2F2) [41], NLRP3 [42], 
and SLC40A1 [43]. miRNA regulates post-transcription 
involved in PCOS-related molecular expression [44, 

Fig. 5 Upregulated HB‑EGF reverses the effect of miR‑194 mimic in KGN cells growth and apoptosis. (A) The expression of HB‑EGF in KGN cells 
post‑transfection with HB‑EGF‑OE. (B) The expression of HB‑EGF in KGN cells post transfection with miR‑194 mimic or miR‑194 mimic+HB‑EGF‑OE. 
(C‑D) The apoptotic rate of KGN cells was determined using AO/EB and flow cytometry. 𝑛 = 3‑6 for each group; *P < 0.05 vs. miR‑NC mimic group
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45]. We explored the potential biological functions 
of miR-194 in PCOS development by first predicting 
potential gene targets of miR-194 using bioinformat-
ics tools (Fig.  3). HB-EGF stands out from all other 
potential target genes given its involvement in many 
other cancers, such as gliomagenesis [46], breast can-
cer [47], and medullary thyroid carcinoma [48]. In 
addition, previous studies also showed that HB-EGF 
mediates proliferation and apoptosis [49]. Notably, 
HB-EGF is a direct target gene of miR-183, which has 
been shown to impede embryo implantation in the 
mouse uterus [50]. These studies suggest a close asso-
ciation between HB-EGF and abnormal cell growth. At 
the same time, we test the p53 signaling pathway rela-
proteins. Our results showed over-expression of miR-
194 can up-regulate the protein level of p53, p21, and 
p16. Similarly, Zhang et al. suggest that the p53 signal-
ing pathway plays an essential role in the apoptosis of 
GCs [51]. Liu C et al. reported that p53 deacetylation is 
a crucial step of miR-874-3p induce GCs apoptosis [12]. 
miR-3188 promoted the cell cycle by decreasing p21 in 
KGN cells [52]. And also, cellular stresses are activated 
in response to p53 signaling through HB-EGF induc-
tion [53]. These findings indicate that the p53 signal-
ing pathway is an important role in miR-194/HB-EGF 
regulation KGN cell apoptosis.

The main limitations of our study were as fol-
lows: (i) the small GC samples of clinical patients; 
(ii) GCs obtained from IVF follicular may contain 
other impure cells (Adams et al., 2021). In the current 
study, miR-194 and HB-EGF expression in PCOS GCs 
was consistent with the PCOS rat model. It is a nota-
ble finding and warrants further research to under-
stand the pathophysiologic mechanism underlying 
PCOS better.

In conclusion, our data uncovered the role of miR-
194 in KGN cells growth and apoptosis. miR‐194 
overexpression inhibited KGN cells growth and 
induced apoptosis via direct HB-EGF targeting. Taken 
together, miR‐194/HB-EGF may have the potential to 
function as a novel biomarker and therapeutic target 
for PCOS.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12958‑ 021‑ 00850‑w.

Additional file 1. 

Additional file 2. 

Acknowledgements
The authors would like to thank Prof Hui‑Sun, Pharmaceutical Experiment 
Teaching Center of Harbin Medical University in China, for contributing the 
manuscript.

Authors’ contributions
YX and YS analyzed and interpreted the patient data regarding the hemato‑
logical disease and the transplant. SC, XY and MW performed the histological 
examination of the ovarian. LZ and HY was a major contributor in writing the 
manuscript. All authors read and approved the final manuscript.

Authors’ information
Not applicable.

Funding
This research was supported by the National Natural Science Foundation of 
China (No. 81801532), the Guangzhou Science, Technology and Innovation 
project (No.202102010076) and the Medical Key Discipline of Guangzhou 
(2021‑2023).

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

Declarations

Ethics approval and consent to participate
All study protocols were approved by the Institutional Ethics Committee of 
the Third Affiliated Hospital Guangzhou Medical University (Ethics Review 
Board, 2018NO:083; Guangzhou, China).

Consent for publication
Not applicable.

Competing interests
Not applicable.

Author details
1 Department of Obstetrics and Gynecology, Center for Reproductive Medi‑
cine, Key Laboratory for Major Obstetric Diseases of Guangdong Province, The 
Third Affiliated Hospital of Guangzhou Medical University, Guangzhou, China. 
2 Present Address: Key Laboratory for Reproductive Medicine of Guangdong 
Province, The Third Affiliated Hospital of Guangzhou Medical University, 63 
Duobao Road, Guangdong, Guangzhou, China. 

Received: 01 August 2021   Accepted: 26 October 2021

References
 1. de Medeiros SF, Rodgers RJ, Norman RJ. Adipocyte and steroidogenic 

cell cross‑talk in polycystic ovary syndrome. Hum Reprod Update. 
2021.

 2. Naumova I, Castelo‑Branco C, Casals G. Psychological Issues and Sexual 
Function in Women with Different Infertility Causes: Focus on Polycystic 
Ovary Syndrome. Reprod Sci. 2021.

 3. Zhang C, Liu J, Lai M, Li J, Zhan J, Wen Q, Ma H. Circular RNA expression 
profiling of granulosa cells in women of reproductive age with polycystic 
ovary syndrome. Arch Gynecol Obstet. 2019;300:431–40.

 4. Chen MJ, Chou CH, Chen SU, Yang WS, Yang YS, Ho HN. The effect of 
androgens on ovarian follicle maturation: Dihydrotestosterone suppress 
FSH‑stimulated granulosa cell proliferation by upregulating PPARgamma‑
dependent PTEN expression. Sci Rep. 2015;17:18319.

 5. Bao D, Li M, Zhou D, Zhuang C, Ge Z, Wei Q, Zhang L. miR‑130b‑3p is 
high‑expressed in polycystic ovarian syndrome and promotes granu‑
losa cell proliferation by targeting SMAD4. J Steroid Biochem Mol Biol. 
2021;11:105844.

 6. Qu B, Zhao Q, Ma Q, Yang T, Li X, Chen Y, Yang J, Zhang Y. Overexpression 
of miR‑144‑3p alleviates polycystic ovaries syndrome through targeting 
expression of HSP‑70. Gene Ther. 2020.

 7. Jiang B, Xue M, Xu D, Song Y, Zhu S. Upregulation of microRNA‑204 
improves insulin resistance of polycystic ovarian syndrome via inhibition 
of HMGB1 and the inactivation of the TLR4/NF‑kappaB pathway. Cell 
Cycle. 2020;19:697–710.

https://doi.org/10.1186/s12958-021-00850-w
https://doi.org/10.1186/s12958-021-00850-w


Page 10 of 11Wu et al. Reproductive Biology and Endocrinology          (2021) 19:170 

 8. Ding Y, He P, Li Z. MicroRNA‑9119 regulates cell viability of granulosa cells 
in polycystic ovarian syndrome via mediating Dicer expression. Mol Cell 
Biochem. 2020;465:187–97.

 9. Wei Y, Lu S, Hu Y, Guo L, Wu X, Liu X, Sun Y. MicroRNA‑135a Regulates 
VEGFC Expression and Promotes Luteinized Granulosa Cell Apoptosis in 
Polycystic Ovary Syndrome. Reprod Sci. 2020;27:1436–42.

 10. Xing H, Guo S, Zhang Y, Zheng Z, Wang H. Upregulation of microRNA‑206 
enhances lipopolysaccharide‑induced inflammation and release of 
amyloid‑beta by targeting insulin‑like growth factor 1 in microglia. Mol 
Med Rep. 2016;14:1357–64.

 11. He T, Sun Y, Zhang Y, Zhao S, Zheng Y, Hao G, Shi Y. MicroRNA‑200b and 
microRNA‑200c are up‑regulated in PCOS granulosa cell and inhibit KGN 
cell proliferation via targeting PTEN. Reprod Biol Endocrinol. 2019;17:68.

 12. Wei Y, Wang Z, Wei L, Li S, Qiu X, Liu C. MicroRNA‑874‑3p promotes 
testosterone‑induced granulosa cell apoptosis by suppressing HDAC1‑
mediated p53 deacetylation. Exp Ther Med. 2021;21:359.

 13. Mu J, Yu P, Li Q. microRNA‑103 Contributes to Progression of Polycystic 
Ovary Syndrome Through Modulating the IRS1/PI3K/AKT Signal Axis. 
Arch Med Res. 2021.

 14. Wang J, Zhang M, Hu X, She J, Sun R, Qin S, Li D. miRNA‑194 predicts 
favorable prognosis in gastric cancer and inhibits gastric cancer cell 
growth by targeting CCND1. FEBS Open Bio. 2021.

 15. Sun B, Fang YT, Jin DJ, Chen ZY, Li ZY, Gu XD, Xiang JB. 2019. miR‑194 
Inhibits the Proliferation of SW620 Colon Cancer Stem Cells Through 
Downregulation of SSH2 Expression. Cancer Manag Res.11:10229–10238.

 16. Li P, Yang Y, Liu H, Yang AK, Di JM, Tan GM, Wang HF, Qiu JG, Zhang WJ, 
Jiang QW, et al. MiR‑194 functions as a tumor suppressor in laryn‑
geal squamous cell carcinoma by targeting Wee1. J Hematol Oncol. 
2017;25:32.

 17. Kong Q, Chen XS, Tian T, Xia XY, Xu P. MicroRNA‑194 suppresses prostate 
cancer migration and invasion by downregulating human nuclear distri‑
bution protein. Oncol Rep. 2017;37:803–12.

 18. Kim S, Subramanian V, Abdel‑Latif A, Lee S. Role of Heparin‑Binding Epi‑
dermal Growth Factor‑Like Growth Factor in Oxidative Stress‑Associated 
Metabolic Diseases. Metab Syndr Relat Disord. 2020;18:186–96.

 19. Tanida S, Kataoka H, Mizoshita T, Shimura T, Kamiya T, Joh T. 2010. Intranu‑
clear translocation signaling of HB‑EGF carboxy‑terminal fragment and 
mucosal defense through cell proliferation and migration in digestive 
tracts. Digestion.82:145–149.

 20. Shen Y, Ruan L, Lian C, Li R, Tu Z, Liu H. 2019. Discovery of HB‑EGF binding 
peptides and their functional characterization in ovarian cancer cell lines. 
Cell Death Discov.5:82.

 21. Robertson SA, Chin PY, Femia JG, Brown HM. Embryotoxic cytokines‑
Potential roles in embryo loss and fetal programming. J Reprod Immunol. 
2018;125:80–8.

 22. Song J, Luo S, Li SW. 2015. miRNA‑592 is downregulated and may 
target LHCGR in polycystic ovary syndrome patients. Reprod Biol. 
Dec;15:229–237.

 23. Lewis BP, Shih IH, Jones‑Rhoades MW, Bartel DP, Burge CB. Prediction of 
mammalian microRNA targets. Cell. 2003;26:787–98.

 24. Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, MacMenamin P, 
da Piedade I, Gunsalus KC, Stoffel M, et al. Combinatorial microRNA target 
predictions. Nature Genetics. 2005;37:495–500.

 25. Kozomara A, Griffiths‑Jones S. miRBase: integrating microRNA annotation 
and deep‑sequencing data. Nucleic Acids Research. 2011;39:D152‑157.

 26. Wang J, Zhang W, Ma B, Zhang H, Fan Z, Li M, Li X. A novel biscoumarin 
derivative dephosphorylates ERK and alleviates apoptosis induced 
by mitochondrial oxidative damage in ischemic stroke mice. Life Sci. 
2021;264:118499.

 27. Wang Y, Zhao H, Liu Y, Li J, Nie X, Huang P, Xing M. Environmentally 
relevant concentration of sulfamethoxazole‑induced oxidative stress‑
cascaded damages in the intestine of grass carp and the therapeutic 
application of exogenous lycopene. Environ Pollut. 2021;274:116597.

 28. Li Y, Liu YD, Zhou XY, Zhang J, Wu XM, Yang YZ, Chen YX, Zhang XF, Li X, 
Ma LZ, et al. Let‑7e modulates the proliferation and the autophagy of 
human granulosa cells by suppressing p21 signaling pathway in poly‑
cystic ovary syndrome without hyperandrogenism. Mol Cell Endocrinol. 
2021;9:111392.

 29. Lause M, Kamboj A, Fernandez Faith E. Dermatologic manifestations of 
endocrine disorders. Transl Pediatr. 2017;6:300–12.

 30. Morgante G, Troia L, De Leo V. Coronavirus Disease 2019 (SARS‑CoV‑2) 
and polycystic ovarian disease: Is there a higher risk for these women? J 
Steroid Biochem Mol Biol. 2021;205:105770.

 31. Savic‑Radojevic A, Bozic Antic I, Coric V, Bjekic‑Macut J, Radic T, Zarkovic 
M, Djukic T, Pljesa‑Ercegovac M, Panidis D, Katsikis I, et al. Effect of hyper‑
glycemia and hyperinsulinemia on glutathione peroxidase activity in 
non‑obese women with polycystic ovary syndrome. Hormones (Athens). 
2015;14:101–108.

 32. Yi S, Zheng B, Zhu Y, Cai Y, Sun H, Zhou J. Melatonin ameliorates excessive 
PINK1/Parkin‑mediated mitophagy by enhancing SIRT1 expression in 
granulosa cells of PCOS. Am J Physiol Endocrinol Metab. 2020;1:E91–101.

 33. Zhu G, Fang C, Li J, Mo C, Wang Y, Li J. 2019. Transcriptomic Diversification 
of Granulosa Cells during Follicular Development in Chicken. Sci Rep. 
2019;9:5462.

 34. Gebremedhn S, Ali A, Hossain M, Hoelker M, Salilew‑Wondim D, Anthony 
RV, Tesfaye D. MicroRNA‑Mediated Gene Regulatory Mechanisms in 
Mammalian Female Reproductive Health. Int J Mol Sci. 2021;22.

 35. Ye H, Liu XJ, Hui Y, Liang YH, Li CH, Wan Q. Downregulation of Micro‑
RNA‑222 Reduces Insulin Resistance in Rats with PCOS by Inhibiting 
Activation of the MAPK/ERK Pathway via Pten. Mol Ther Nucleic Acids. 
2020;4:733–41.

 36. Cui X, Jing X, Liu J, Bi X, Wu X. miR132 is upregulated in polycystic ovarian 
syndrome and inhibits granulosa cells viability by targeting Foxa1. Mol 
Med Rep. 2020;22:5155–62.

 37. Wang X, Meng K, Wang H, Wang Y, Zhao Y, Kang J, Zhang Y, Quan F. Iden‑
tification of small extracellular vesicle subtypes in follicular fluid: Insights 
into the function and miRNA profiles. J Cell Physiol. 2021.

 38. Yang J, Jia Y, Wang B, Yang S, Du K, Luo Y, Li Y, Zhu B. 2021. Circular RNA 
CHST15 Sponges miR‑155‑5p and miR‑194‑5p to Promote the Immune 
Escape of Lung Cancer Cells Mediated by PD‑L1. Front Oncol.11:595609.

 39. Wang T, Li W, Li H, Li W. Dysregulation of exosomal miR‑192 and 
miR‑194 expression in lung adenocarcinoma patients. Saudi J Biol Sci. 
2021;28:1561–8.

 40. He Q, Liu N, Hu F, Shi Q, Pi X, Chen H, Li J, Zhang B. Circ_0061012 contrib‑
utes to IL‑22‑induced proliferation, migration and invasion in keratino‑
cytes through miR‑194‑5p/GAB1 axis in psoriasis. Biosci Rep. 2021.

 41. Xu Q, Jiang S. 2021. miR‑194‑5p serves a suppressive role in human keloid 
fibroblasts via targeting NR2F2. Mol Med Rep. Jan;23:1.

 42. Wan SY, Li GS, Tu C, Chen WL, Wang XW, Wang YN, Peng LB, Tan F. Micro‑
NAR‑194‑5p hinders the activation of NLRP3 inflammasomes and allevi‑
ates neuroinflammation during intracerebral hemorrhage by blocking 
the interaction between TRAF6 and NLRP3. Brain Res. 2021;1752:147228.

 43. Chen B, Xu P, Wang J, Zhang C. The role of MiRNA in polycystic ovary 
syndrome (PCOS). Gene. 2019;20:91–6.

 44. Wu J, Zhang L, Wu S, Yi X, Liu Z. miR‑194‑5p inhibits SLC40A1 expres‑
sion to induce cisplatin resistance in ovarian cancer. Pathol Res Pract. 
2020;216:152979.

 45. Abdalla M, Deshmukh H, Atkin SL, Sathyapalan T. miRNAs as a novel 
clinical biomarker and therapeutic targets in polycystic ovary syndrome 
(PCOS): A review. Life Sci. 2020;259.

 46. Shin CH, Robinson JP, Sonnen JA, Welker AE, Yu DX, VanBrocklin MW, Hol‑
men SL. HBEGF promotes gliomagenesis in the context of Ink4a/Arf and 
Pten loss. Oncogene. 2017;10:4610–8.

 47. Sethuraman A, Brown M, Krutilina R, Wu ZH, Seagroves TN, Pfeffer LM, 
Fan M. BHLHE40 confers a pro‑survival and pro‑metastatic phenotype to 
breast cancer cells by modulating HBEGF secretion. Breast Cancer Res. 
2018;20:117.

 48. Bai N, Hou D, Mao C, Cheng L, Li N, Mao X. MiR‑376c‑3p targets heparin‑
binding EGF‑like growth factor (HBEGF) to inhibit proliferation and inva‑
sion in medullary thyroid carcinoma cells. Arch Med Sci. 2020;16:878–87.

 49. Leach RE, Kilburn BA, Petkova A, Romero R, Armant DR. Diminished sur‑
vival of human cytotrophoblast cells exposed to hypoxia/reoxygenation 
injury and associated reduction of heparin‑binding epidermal growth 
factor‑like growth factor. Am J Obstet Gynecol. 2008;198:471 e471‑477; 
discussion 471 e477‑478.

 50. Cao D, Liang J, Feng F, Shi S, Tan Q, Wang Z. MiR‑183 impeded embryo 
implantation by regulating Hbegf and Lamc1 in mouse uterus. Theriog‑
enology. 2020;158:218–26.

 51. Li Y, Liu YD, Chen SL, Chen X, Ye DS, Zhou XY, Zhe J, Zhang J. Down‑
regulation of long non‑coding RNA MALAT1 inhibits granulosa cell 



Page 11 of 11Wu et al. Reproductive Biology and Endocrinology          (2021) 19:170  

•
 
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 •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

proliferation in endometriosis by up‑regulating P21 via activation of the 
ERK/MAPK pathway. Mol Hum Reprod. 2019;1:17–29.

 52. Zhou S, Xia L, Chen Y, Guo W, Hu J. miR‑3188 Regulates proliferation and 
apoptosis of granulosa cells by targeting KCNA5 in the polycystic ovary 
syndrome. Acta Biochim Pol. 2021;3:83–9.

 53. Fang L, Li G, Liu G, Lee SW, Aaronson SA. p53 induction of heparin‑
binding EGF‑like growth factor counteracts p53 growth suppression 

through activation of MAPK and PI3K/Akt signaling cascades. EMBO J. 
2001;17:1931–9.

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


	microRNA-194 is increased in polycystic ovary syndrome granulosa cell and induce KGN cells apoptosis by direct targeting heparin-binding EGF-like growth factor
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Experimental animals
	Patient samples
	Granulosa cells
	Cell culture and treatment
	CCK-8 assay
	AOEB assay
	Flow cytometry
	qRT-PCR
	Western blot
	Luciferase reporter assay
	miRNA-target gene interactions
	ELISA assay
	TUNEL and ki67 assay
	Statistical analysis

	Results
	miR-194 expression was up-regulated in PCOS GCs
	miR-194 expression was increased in the PCOS rat model
	miR-194 suppressed KGN cell growth while inducing cell apoptosis
	miR-194 directly targeted HB-EGF

	HB-EGF expression was downregulated in PCOS GCs and ovarian tissues of a PCOS rat model
	HB-EGF upregulation reversed the impact of miR-194 mimic on KGN cell apoptosis

	Discussion
	Acknowledgements
	References


