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Abstract. MicroRNA (miR)‑874‑3p is a newly identified 
miRNA that is involved in several pathological processes, 
including cancer, myocardial infarction, bone formation and 
erectile dysfunction. However, the role of miR‑874‑3p in 
polycystic ovary syndrome (PCOS) and granulosa cell (GC) 
apoptosis is not completely understood. The present study 
investigated the expression profile of miR‑874‑3p in PCOS 
by reverse transcription‑ quantitative PCR and the GC apop‑
tosis by flow cytometry analysis. miR‑874‑3p expression was 
significantly upregulated in GCs isolated from patients with 
PCOS compared with patients without PCOS. In addition, 
miR‑874‑3p expression was positively correlated with GC 
apoptosis and testosterone levels in both patients with PCOS 
and patients without PCOS. Therefore, the present study also 
aimed to investigate the effects of miR‑874‑3p on testos‑
terone‑induced GC apoptosis. Compared with vehicle‑treated 
GCs, miR‑874‑3p expression levels were significantly 
increased in testosterone‑treated GCs, which was inhibited 
by the androgen receptor antagonist flutamide. GCs were 
transfected with either the miR‑874‑3p mimic or a miR‑874‑3p 
inhibitor. Compared with the control group, miR‑874‑3p mimic 
significantly enhanced GC apoptosis, whereas miR‑874‑3p 
inhibitor significantly decreased GC apoptosis. Moreover, 
histone deacetylase (HDAC) activity and HDAC1 expression 
levels were decreased in testosterone‑treated GCs compared 
with vehicle‑treated GCs. HDAC1 overexpression signifi‑
cantly attenuated the proapoptotic effects of testosterone. 
Additionally, miR‑874‑3p mimic and inhibitor significantly 
decreased and increased HDAC1 expression levels, respec‑
tively, compared with the control group. miR‑874‑3p 
inhibitor failed to attenuate HDAC1 overexpression‑induced 
GC apoptosis. Furthermore, compared with the control group, 

testosterone treatment notably increased p53 expression and 
acetylation. Compared with the control group, western blotting 
analysis showed that miR‑874‑3p mimic notably increased 
p53 expression and acetylation, whereas miR‑874‑3p inhibitor 
markedly decreased p53 expression and acetylation. However, 
miR‑874‑3p inhibitor did not further decrease p53 acetylation 
and expression in cell overexpressing HDAC1. Collectively, 
the results of the present study indicated that miR‑874‑3p was 
upregulated in PCOS and promoted testosterone‑induced GC 
apoptosis by suppressing HDAC1‑mediated p53 deacetylation. 
Therefore, the present study improved the current under‑
standing of the pathogenesis of PCOS and GC apoptosis.

Introduction

Polycystic ovary syndrome (PCOS) is the most common 
endocrine and metabolic disorder in females of reproductive 
age worldwide, with a prevalence of 6‑20%, depending on 
the diagnostic criteria applied (1). The key features of PCOS 
include hyperandrogenism, polycystic ovarian morphology, 
ovulatory dysfunction and irregular menstrual cycles (2). 
PCOS is a primary cause of infertility, resulting in abnormal 
follicle development and a high rate of follicular atresia in 
females with PCOS (3). Increasing evidence indicates that 
granulosa cell (GC) apoptosis serves an important role in 
follicular atresia and PCOS development (4,5). GC apoptosis 
is increased in patients with PCOS and in PCOS model 
animals, compared with control patients with normal ovarian 
function and healthy animals respectively (6,7), and inhibi‑
tion of GC apoptosis improved the ovary functions of PCOS 
model rats (8). The hyperandrogenic condition is a key patho‑
genic factor that mediates GC apoptosis in PCOS (9). It was 
reported that androgens induce GC apoptosis via activation of 
the intrinsic and extrinsic apoptotic signaling pathways (7,9). 
However, the mechanisms underlying androgen‑mediated 
induction of GC apoptosis are not completely understood.

MicroRNAs (miRs/miRNAs) are short non‑coding RNA 
molecules that are widely present in different tissues (10). 
miRNAs regulate gene expression by destabilizing target 
mRNAs or inhibiting translation (10). miR‑874‑3p, a newly 
identified miRNA, is associated with several pathological 
processes, including cancer, myocardial infarction, bone 
formation and erectile dysfunction (11‑15). However, the 
role of miR‑874‑3p in PCOS and GC apoptosis is yet to 
be elucidated. Several targets of miR‑874‑3p have been 
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identified, one of which is histone deacetylase (HDAC)1 (14). 
Although the effects of HDAC1 on apoptosis have been 
widely studied (16,17), to the best of our knowledge, the role 
of HDAC1 in GC apoptosis, especially in hyperandrogenic 
conditions, has not been previously reported.

The present study assessed the miR‑874‑3p expression 
profile in PCOS and testosterone‑induced GC apoptosis. 
Additionally, the present study investigated the role of 
miR‑874‑3p in testosterone‑induced GC apoptosis, as well as 
the underlying mechanisms.

Materials and methods

Subjects and collection of human GCs. The present study was 
approved by the Medical Ethics Committee of Zaozhuang 
Maternal and Child6 Health Care Hospital. All patients 
were female and hospitalized in Zaozhuang Maternal and 
Child Health Care Hospital (Zaozhuang, China) from 
February 2016 to May 2018. Written informed consent was 
obtained from all patients. A total of 16 patients diagnosed 
with PCOS according to the Rotterdam criteria (18) were 
recruited into the PCOS group. The control group consisted 
of 11 patients with normal ovarian function and regular 
periods, where infertility was ascribed to tubal factors or 
male infertility. Individuals with ovarian tumors, congenital 
adrenal hyperplasia, androgen secreting tumors, Cushing's 
syndrome and endometriosis were excluded. All patients 
received controlled ovarian hyperstimulation as previously 
reported (6). Briefly, follicular growth was promoted with 
recombinant follicle stimulating hormone (FSH; LiShenBao, 
Lizhu Pharmaceutical; https://en.livzon.com.cn/product/14.
html) on the third day of the menstrual cycle. The dosages were 
adjusted according to the follicular size and serum hormonal 
level of each patient. When at least three of the follicles 
displayed diameters of 18 mm, 10,000 IU human chorionic 
gonadotropin (Lizhu Pharmaceutical; https://en.livzon.com.
cn/product/9.html) was administered to induce ovulation. 
At 36 h post‑administration, oocyte retrieval was performed 
via ultrasound‑guided puncture. Follicular fluids (diameter, 
>18 mm) were carefully collected and immediately trans‑
ported to the laboratory on ice.

Human GCs were isolated using a previously described 
strainer methodology (19). First, the follicular fluids were filtered 
through a 40‑µm cell strainer. The strainer was rinsed with 
PBS and then backwashed with PBS to collect GCs. Following 
incubation for 5 min at 4˚C, the cell suspension was repeat‑
edly aspirated using Pasteur pipettes to mechanically break up 
aggregates. The resulting cell suspension was filtered through a 
70‑µm cell strainer to remove unwanted and undispersed mate‑
rial. Finally, the filtrate was centrifuged at 600 x g for 5 min 
at 4˚C. GCs in the cell pellet were used for subsequent experi‑
ments. Human GCs were cultured under the same conditions 
as mouse GCs, which was in DMEM/F12 (HyClone; Cytiva) 
supplemented with 10% FBS (HyClone; Cytiva) and 1% peni‑
cillin/streptomycin (HyClone; Cytiva) at 37˚C with 5% CO2

Isolation, culture, and treatment of mouse GCs. All animal 
procedures were approved by the Animal Ethics Committee 
of Zaozhuang Maternal and Child Health Care Hospital. In 
total, 84 C57BL/6 mice (weight, 10.3±0.9 g; age, 21 days; 

total number, 84; immature females) were from Shanghai 
SLAC Laboratory Animal Co., Ltd. The mice were housed 
in a temperature (22‑24˚C) and humidity (50‑60%) controlled 
environment with a 12‑h light/dark cycle and given ad libitum 
access to food and water. The mice were intraperitoneally 
injected with 8 IU pregnant mare serum gonadotrophin 
(Ningbo Sansheng Pharmaceutical Industry Co., Ltd.). At 
47 h post‑injection, mice were sacrificed by cervical disloca‑
tion, the ovaries were collected and the surrounding tissues 
removed. GCs were isolated from the ovaries by puncturing 
the follicles with 26‑gauge needles, followed by centrifu‑
gation at 300 x g for 10 min at 4˚C. GCs were cultured in 
DMEM/F12 (HyClone; Cytiva) supplemented with 10% FBS 
(HyClone; Cytiva) and 1% penicillin/streptomycin (HyClone; 
Cytiva) at 37˚C with 5% CO2. At 1 day post‑transduction, 
cells were incubated with 10 µM testosterone (Sigma‑Aldrich; 
Merck KGaA) or vehicle (0.1% DMSO) for 24 h at 37˚C to 
induce apoptosis. In addition, cells were treatment with 10 µM 
testosterone together with 1 µM flutamide (Sigma‑Aldrich; 
Merck KGaA) at 37˚C for 24 h.

Lentiviral vectors. miR‑874‑3p mimic non‑targeting nega‑
tive control (NC; 5'‑ACU ACU GAG UGA CAG UAG A‑3') or 
miR‑874‑3p mimic (5'‑CUG CCC UGG CCC GAG GGA CCG 
A‑3') were inserted into the GV309 vector (Shanghai GeneChem 
Co., Ltd.); miR‑874‑3p inhibitor non‑targeting NC (5'‑CAG UAC 
UUU UGU GUA GUA CAA‑3') or miR‑874‑3p inhibitor (5'‑UCG 
GUC CCU CGG GCC AGG GCAG‑3') were inserted into the 
GV280 vector (Shanghai GeneChem Co., Ltd.). For HDAC1 
overexpression, the coding sequence of HDAC1 was inserted 
into the GV358 vector (Shanghai GeneChem Co., Ltd.). The 
empty vector was used as the NC for HDAC1 overexpression. 
293T cells (American Type Culture Collection) were transfected 
with 20 µg the GV vector (GV309, GV280 or GV358) together 
with 15 µg pHelper 1.0 and 10 µg pHelper 2.0 vectors (both from 
Shanghai GeneChem Co., Ltd.) and then cultured at 37˚C in a 
humidified incubator in an atmosphere of 5% CO2 for 48 h to 
produce lentiviral particles. Transduction was performed when 
cells were growing exponentially and were 70‑80% confluent. 
Polybrene (8 µg/ml, Sigma‑Aldrich; Merck KGaA) and appro‑
priate lentiviral particles (108 TU/ml, 5 µl) were added to cells 
for 16 h at 37˚C in a humidified incubator in an atmosphere 
of 5% CO2. The medium containing lentiviral particles were 
removed from wells and fresh medium were added. Subsequent 
experiments were performed 24 h later.

Flow cytometry analysis. GC apoptosis (early and late) was 
quantified by flow cytometry using an Annexin V‑FITC 
Apoptosis Detection kit (cat. no. 556547; BD Bioscience) 
according to the manufacturer's instructions. Briefly, cells 
were harvested, washed twice with cold PBS and re‑suspended 
in the binding buffer. The cell suspension (100,000 cells/ml) 
was incubated with 5 µl Annexin V‑FITC and 10 µl PI for 
15 min at room temperature in the dark. Subsequently, flow 
cytometry was performed using a flow cytometer (CytoFlex S; 
Beckman Coulter, Inc.). The data were analyzed with 
FlowJo software (v10; FlowJo, LLC.).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was isolated using an RNeasy Plus Mini 
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kit (Qiagen GmbH) according to the manufacturer's instruc‑
tions. Total RNA was reverse transcribed into cDNA using 
the PrimeScript™ RT reagent kit (Takara Biotechnology Co., 
Ltd.). The reverse transcription reactions were performed at 
37˚C for 15 min, followed by inactivation of the reverse tran‑
scriptase at 85˚C for 5 sec. Subsequently, qPCR was performed 
using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.). 
The following thermocycling conditions were used for qPCR: 
95˚C for 10 min; followed by 40 cycles of 95˚C for 15 sec and 
60˚C for 1 min. The following primers were used for qPCR: 
miR‑874‑3p forward, GAACTCCACTGTAGCAGAGATGGT 
and reverse, CAT TTT TTC CAC TCC TCT TC TC TC; HDAC1 
(human) forward, GAA TCC GCA TGA CT CAT AAT and 
reverse, GCT GTG GTA CTT GGT CAT CT; HDAC1 (mouse) 
forward, CTG AAT ACA GCA AGC AGA TGC AGAG and 
reverse, TCC CGT GGA CAA CTG ACA GAAC; U6 (human 
and mouse) forward, CTC GCT TCG GCA GCACA and reverse, 
AAC GCT TCA CGA ATT TGC GT; GAPDH (human) forward, 
GCA CCG TCA AGG CTG AGAAC and reverse, TGG TGA 
AGA CGC CAG TGGA; and GAPDH (mouse) forward, AAC 
GGG AAG CTC ACT GGCAT and reverse, GCT TCA CCA CCT 
TCT TGA TG. miRNA and mRNA expression levels were 
quantified using the 2‑ΔΔCq method (20) and normalized to the 
internal reference genes U6 and GAPDH, respectively.

Western blotting. Proteins were extacted using a Western Cell 
lysis Buffer kit (Beyotime Institute of Biotechnology) and the 
concentrations were determined by a bicinchninic acid (BCA) 
Protein Assay Kit (Beyotime Institute of Biotechnology). 
In total, 30 µg total proteins were loaded per lane. Proteins 
were separated via 10% SDS‑PAGE and transferred to PVDF 
membranes (EMD Millipore). Following blocking with 
5% non‑fat milk at room temperature for 1 h, the membranes 
were incubated at 4˚C overnight with the following primary 
antibodies: Anti‑androgen receptor (AR; cat. no. 5153; 1:1,000; 
Cell Signaling Technology, Inc.); Anti‑p53 (cat. no. ab26; 
1:1,000; Abcam), anti‑acetylated p53 (Lys379; cat. no. 2570; 
1:1,000; Cell Signaling Technology, Inc.), anti‑HDAC1 
(cat. no. 34589; 1:1,000; Cell Signaling Technology, Inc.), 
anti‑sirtuin 1 (SIRT1; cat. no. 8469; 1:1,000; Cell Signaling 
Technology, Inc.) and anti‑GAPDH (cat. no. ab8245; 1:1,000; 
Abcam). After washing by TBS with 0.05% Tween‑20, the 

membranes were incubated with appropriate horseradish 
peroxidase‑conjugated secondary antibodies (cat. no. ab7090 
and ab97040; 1:5,000; Abcam) at room temperature for 1 h. 
Protein bands were visualized using an ECL kit (Beyotime 
Institute of Biotechnology).

Measurement of HDAC activity. GC nuclear extracts were 
obtained and quantified using a Nuclear Extract kit (Beyotime 
Institute of Biotechnology) and a BCA protein assay kit 
(Beyotime Institute of Biotechnology), respectively. HDAC 
activity in the nuclear extracts was determined using an HDAC 
Activity Colorimetric Assay kit (cat. no. K331; BioVision, Inc.) 
according to the manufacturer's instructions. The absorbance 
was measured at a wavelength of 405 nm using a microplate 
reader.

Statistical analysis. All experiments were performed in trip‑
licate. Data are presented as the mean ± SEM. Comparisons 
between two groups were analyzed using the Student's 
unpaired t‑test. Comparisons among multiple groups were 
analyzed using one‑way ANOVA followed by Bonferroni's 
post hoc test. For correlation analyses, Pearson's correlation 
coefficient was used. Statistical analyses were performed 
using SPSS 13.0 software (SPSS, Inc.). P<0.05 was considered 
to indicate a statistically significant difference.

Results

miR‑874‑3p is upregulated in GCs isolated from patients 
with PCOS. miR‑874‑3p expression in the GCs of patients 
with or without PCOS were assessed. A total of 16 patients 
with PCOS and 11 patients with PCOS were recruited in the 
present study. The clinical features of the patients are presented 
in Table I. There was no significant difference in age between 
the two groups. However, compared with patients without 
PCOS, patients with PCOS displayed significantly higher basal 
testosterone levels, basal luteinizing hormone (LH) levels and 
LH/FSH ratios. The rate of apoptosis of GCs isolated from 
patients with PCOS was significantly higher compared with 
patients without PCOS (Fig. S1). Meanwhile, the RT‑qPCR 
results demonstrated that miR‑874‑3p expression was signifi‑
cantly upregulated in GCs isolated from patients with PCOS 

Table I. Clinical features of patients with or without PCOS.

 Non‑PCOS (n=11) PCOS (n=16) P‑value

Age (year) 30.18±3.16 30.50±2.90 >0.05
BMI (kg/m2) 23.84±1.91 23.76±1.97 >0.05
Basal T (nmol/l)a 1.04±0.24 2.05±0.53 0.03
Basal E2 (pmol/l) 136.57±47.29 153.66±49.18 >0.05
Basal PRL (µIU/ml) 278.33±87.45 301.72±90.33 >0.05
Basal FSH (mIU/ml) 6.95±1.02 6.77±1.21 >0.05
Basal LH (mIU/ml)a 4.55±1.37 12.51±5.93 0.01
LH/FSH ratioa 0.68±0.28 1.57±0.58 0.02

PCOS, polycystic ovary syndrome; T, testosterone; E2, E2 estradiol; PRL, prolactin; FSH, follicle stimulating hormone; LH, luteinizing 
hormone. aP<0.05.
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compared with patients without PCOS (Fig. 1A). Moreover, 
miR‑874‑3p expression levels were positively correlated with 
GC apoptosis (r=0.39; Fig. 1B) and testosterone levels (r=0.55; 
Fig. 1C) in both patients with PCOS and patients without PCOS.

miR‑874‑3p serves a role in testosterone‑induced GC apop‑
tosis. Since hyperandrogenic conditions are a key pathogenic 
factor that mediate GC apoptosis in PCOS (9), the role of 
miR‑874‑3p in testosterone‑induced GC apoptosis was 
investigated. Compared with the control group (0 µM 
testosterone), testosterone significantly increased GC apop‑
tosis at concentrations ≥2.5 µM (Fig. 2A and B). Moreover, 
miR‑874‑3p expression levels were significantly increased in 
testosterone‑treated GCs compared with vehicle‑treated GCs 
(Fig. 2C). The protein expression levels of androgen receptor 
were also notably upregulated in testosterone‑treated GCs 
compared with vehicle‑treated GCs (Fig. 2D). To examine 
whether the induction of miR‑874‑3p was mediated by the 
androgen receptor, GCs were treated with testosterone in 
the presence or absence of the androgen receptor antagonist 
flutamide. In GCs, testosterone‑induced miR‑874‑3p upregu‑
lation was significantly inhibited by flutamide (Fig. 2E). 
Furthermore, GCs were transduced with lentiviral vectors 
expressing miR‑874‑3p mimic or inhibitor. Compared with the 
mimic NC group, miR‑874‑3p mimic significantly increased 
miR‑874‑3p expression levels, whereas compared with the 
inhibitor NC group, miR‑874‑3p inhibitor significantly 
decreased miR‑874‑3p expression levels (Fig. 2F). Moreover, 
compared with the control group, miR‑874‑3p mimic signifi‑
cantly increased GC apoptosis and miR‑874‑3p inhibitor 
significantly decreased GC apoptosis (Fig. 2G and H). The 
results indicated that miR‑874‑3p may serve a role in testos‑
terone‑induced GC apoptosis.

HDAC1 is a target of miR‑874‑3p during GC apoptosis. 
HDAC1 was reported to be a target of miR‑874‑3p (12). 
Therefore, HDAC1 expression during GC apoptosis was 
examined. Compared with the vehicle group, testosterone 
treatment significantly decreased HDAC activity (Fig. 3A). 
Similarly, HDAC1 expression was markedly downregulated in 
testosterone‑treated GCs compared with vehicle‑treated GCs 

(Fig. 3B and C). However, there were no notable alterations in the 
expression levels of SIRT1, a HDAC family member, between 
the vehicle and testosterone groups (Fig. 3C). To determine the 
role of HDAC1 downregulation in testosterone‑induced GC 
apoptosis, a lentiviral vector was used to overexpress HDAC1 
in the presence of testosterone. The western blotting results 
indicated that HDAC1 protein expression levels were notably 
increased in the HDAC1 overexpression group compared 
with the vector group, demonstrating successful transduction 
(Fig. 3D). GC apoptosis was significantly decreased in the 
HDAC1 overexpression group compared with the vector group 
(Fig. 3E and F). Subsequently, the present study investigated 
whether miR‑874‑3p regulated HDAC1 in GCs. Compared 
with the control group, miR‑874‑3p mimic significantly 
decreased HDAC1 expression, whereas miR‑874‑3p inhibitor 
significantly increased HDAC1 expression in GCs (Fig. 4A). 
By contrast, miR‑874‑3p inhibitor could not attenuate the 
apoptosis of GCs with HDAC1 overexpression further 
(Fig. 4B and C), suggesting that miR‑874‑3p mediated GC 
apoptosis via HDAC1. Collectively, the aforementioned results 
indicated that miR‑874‑3p downregulated HDAC1 to promote 
GC apoptosis.

miR‑874‑3p promotes p53 acetylation and accumulation by 
suppressing HDAC1. To investigate how miR‑874‑3p medi‑
ated GC apoptosis, the expression of several apoptosis‑related 
proteins was examined. Compared with the control group, the 
protein expression levels of the proapoptotic protein p53 were 
notably upregulated in testosterone‑treated GCs. Moreover, 
compared with the control group, p53 protein expression levels 
were markedly increased miR‑874‑3p mimic, but notably 
decreased by miR‑874‑3p inhibitor (Fig. 5A). Since acetyla‑
tion serves a positive role in p53 protein accumulation (21), 
the expression levels of acetylated p53 were also detected. The 
western blotting results demonstrated that p53 acetylation was 
markedly increased by testosterone treatment compared with 
the control group. Moreover, miR‑874‑3p mimic increased 
p53 acetylation, whereas miR‑874‑3p inhibitor decreased p53 
acetylation, compared with the testosterone group (Fig. 5A). 
To determine whether miR‑874‑3p regulated p53 acetylation 
via HDAC1, GCs were treated with miR‑874‑3p inhibitor in 

Figure 1. miR‑874‑3p is upregulated in GCs isolated from patients with PCOS. (A) miR‑874‑3p expression levels in GCs isolated from patients with or 
without PCOS were detected via reverse transcription‑quantitative PCR. *P<0.05 vs. non‑PCOS. Human GCs were isolated and subjected to flow cytometry to 
detect cell apoptosis. (B) Correlation between miR‑874‑3p expression and apoptosis in GCs isolated from patients (r=0.39; P<0.05). (C) Correlation between 
miR‑874‑3p expression and testosterone levels (r=0.55; P<0.05). miR, microRNA; GC, granulosa cell; PCOS, polycystic ovary syndrome.
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Figure 2. miR‑874‑3p serves a role in testosterone‑induced GC apoptosis. Following treatment with different doses of testosterone for 24 h, mouse GC 
apoptosis was (A) determined via flow cytometry and (B) quantified. (C) Following treatment with vehicle or 10 µM testosterone for 24 h, miR‑874‑3p 
expression levels were detected via RT‑qPCR. (D) AR protein expression levels were detected via western blotting. (E) Following treatment with 
10 µM testosterone in the presence or absence of 1 µM flutamide for 24 h, miR‑874‑3p expression levels in mouse GCs were detected via RT‑qPCR. 
(F) Transduction efficiency of miR‑874‑3p mimic and miR‑874‑3p inhibitor in mouse GCs. Following transduction with lentiviral vectors expressing 
miR‑874‑3p mimic or miR‑874‑3p inhibitor for 1 day, then treatment with 10 µM testosterone for 24 h, mouse GC apoptosis was (G) determined via flow 
cytometry and (H) quantified. *P<0.05. miR, microRNA; GC, granulosa cell; RT‑qPCR, reverse transcription‑quantitative PCR; AR, androgen receptor; 
NC, negative control.
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the presence of HDAC1. HDAC1 overexpression markedly 
decreased p53 acetylation compared with the vector group. 
However, in HDAC1‑overepression GCs, miR‑874‑3p inhib‑
itor did not further decrease p53 acetylation and expression 
(Fig. 5B). The results suggested that miR‑874‑3p promoted 
p53 acetylation and expression via inhibition of HDAC1.

Discussion

To the best of our knowledge, the present study was the 
first to investigate miR‑874‑3p expression in PCOS and its 
role in GC apoptosis. Recently, the role of miRNAs in the 

pathogenesis of PCOS has attracted increasing attention (22). 
Altered miRNA expression profiles in patients with PCOS 
have been regarded as biomarkers and therapeutic targets for 
PCOS (22,23). Testosterone‑induced GC apoptosis is involved 
in the pathological development of PCOS (7). However, the 
role of miRNAs in hyperandrogen‑induced GC apoptosis is 
not completely understood. The present study demonstrated 
that miR‑874‑3p was positively correlated with testosterone 
levels, and miR‑874‑3p expression was upregulated by testos‑
terone treatment compared with the vehicle group, which 
suggested that miR‑874‑3p may serve as a diagnostic marker 
for PCOS. Moreover, gain‑ and loss‑of‑function experiments 

Figure 3. HDAC1 inhibits testosterone‑induced GC apoptosis. Following treatment with 10 µM testosterone for 24 h, (A) HDAC activity, (B) HDAC1 mRNA 
expression levels, and (C) HDAC1 and SIRT1 protein expression levels in GCs were assessed. (D) At 48 h post‑transduction with the HDAC1 overexpression 
vector or the control empty vector, HDAC1 protein expression levels in GCs were detected via western blotting. Following transduction with the HDAC1 
overexpression vector or control empty vector and treatment with 10 µM testosterone for 24 h, mouse GC apoptosis was (E) determined via flow cytometry 
and (F) quantified. *P<0.05. HDAC, histone deacetylase; GC, granulosa cell; SIRT1, sirtuin 1.
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indicated that miR‑874‑3p mediated the proapoptotic effects 
of testosterone, suggesting that miR‑874‑3p may serve a role 
in testosterone‑induced GC apoptosis. Since miR‑874‑3p is 
a newly identified miRNA, the present study furthered the 
current understanding of the role of miR‑874‑3p.

HDACs are enzymes that catalyze the deacetylation of 
lysine residues of both histone and non‑histone proteins (24). 
Abnormal HDAC activity is involved in a number of diseases, 
including cancer, neurological disease, metabolic disorders, 
cardiac disease and inflammatory diseases (25). To the best 
of our knowledge, the present study was the first to demon‑
strate that HDAC activity and HDAC1 expression were 
notably decreased in testosterone‑treated GCs compared with 
vehicle‑treated GCs. A previous study also reported that the 

expression of SIRT1, another HDAC family member, was 
also downregulated in a PCOS model (26). Moreover, females 
receiving HDAC inhibitor displayed polycystic ovaries (27). 
Therefore, low HDAC activity may serve as a mechanism under‑
lying the development of PCOS. However, in the present study, 
SIRT1 expression was not altered in testosterone‑treated GCs 
compared with vehicle‑treated GCs, suggesting that HDAC1 
might be the primary target of testosterone/miR‑874‑3p and 
that SIRT1 might be regulated by other factors in PCOS. The 
present study indicated that the androgen receptor antagonist 
flutamide inhibited testosterone‑induced upregulation of 
miR‑874‑3p, an upstream factor of HDAC1. Interestingly, it has 
also been reported that HDAC1 can regulate the function of 
the androgen receptor (28,29). Thus, there might be a feedback 

Figure 4. miR‑874‑3p mediates GC apoptosis via HDAC1 inhibition. (A) Following transduction with lentiviral vectors expressing miR‑874‑3p mimic, mimic 
NC, inhibitor or inhibitor NC for 24 h, HDAC1 mRNA expression levels in mouse GCs were measured via reverse transcription‑quantitative PCR. Following 
transduction with the HDAC1 overexpression vector or the control empty vector for 24 h, then transduction with miR‑874‑3p inhibitor or inhibitor NC for 24 h, 
mouse GC apoptosis was (B) determined via flow cytometry and (C) quantified. *P<0.05. miR, microRNA; GC, granulosa cell; HDAC, histone deacetylase.

Figure 5. miR‑874‑3p promotes p53 acetylation and expression via HDAC1 inhibition. (A) Following transduction with lentiviral vectors expressing miR‑874‑3p 
mimic or inhibitor for 24 h, and treatment with 10 µM testosterone for 24 h, western blotting was performed to detect the protein expression levels of p53 and 
acetylated p53 in mouse GCs. Cells in the control group were treated with 0.1% DMSO for 24 h. (B) Following transduction with the control empty vector, the 
HDAC1 overexpression vector or the HDAC1 overexpression vector + the miR‑874‑3p inhibitor lentiviral vector for 24 h, western blotting was performed to 
detect the protein expression levels of p53 and acetylated p53 in mouse GCs. miR, microRNA; HDAC, histone deacetylase; GC, granulosa cell.
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mechanism controlling the effects of HDAC1 and androgen 
receptor. In the present study, HDAC1 was overexpressed in 
GCs and the results indicated that HDAC1 protected against 
GC apoptosis. Therefore, HDAC1 may serve as a potential 
therapeutic target for PCOS.

The p53 protein is a proapoptotic protein that serves 
a central role in the cellular response to DNA damage 
and other genomic aberrations (30). The present study 
demonstrated that compared with the control group, p53 accu‑
mulation was markedly increased by testosterone treatment, 
which might explain the proapoptotic role of testosterone. 
However, another study reported that testosterone reduced 
p53 expression levels during oxidative stress damage (31). 
The contradiction between the results of the present study 
and the aforementioned study suggested that testosterone 
might differentially regulate p53 expression depending on 
the pathological circumstances and cell type. Acetylation 
is one of the characteristics of stabilized p53, and upon 
deacetylation, p53 expression is maintained at low levels by 
degradation (21). The results of the present study indicated that 
both testosterone treatment and miR‑874‑3p overexpression 
induced p53 acetylation, whereas miR‑874‑3p knockdown and 
HDAC1 overexpression lead to p53 deacetylation. The results 
suggested that testosterone/miR‑874‑3p/HDAC1 signaling 
regulated p53 acetylation. Moreover, miR‑874‑3p inhibitor 
did not further decrease p53 acetylation and expression in 
HDAC1‑overexpression GCs, indicating that miR‑874‑3p 
regulated p53 expression by suppressing HDAC1‑mediated 
deacetylation of p53 but not via other mechanisms. Previous 
studies demonstrated that HDAC1 mediated the deacetylation 
of p53 (32,33), confirming that p53 could be deacetylated by 
HDAC1. Collectively, the aforementioned results indicated 
that testosterone/miR‑874‑3p promoted p53 acetylation and 
expression to induce GC apoptosis.

The present study demonstrated that miR‑874‑3p was 
upregulated in PCOS and promoted testosterone‑induced GC 
apoptosis by suppressing HDAC1‑mediated p53 deacetylation. 
Therefore, the present study furthered the current under‑
standing of the pathogenesis of PCOS.
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