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Abstract
Background Follicular development in mammalian ovaries is a complex and dynamic process, and the interactions 
and regulatory-feedback loop between the follicular microenvironment, granulosa cells (GCs), and oocytes can affect 
follicular development and normal ovary functions. Abnormalities in any part of the process may cause abnormal 
follicular development, resulting in infertility. Hence, exploring the pathogenesis of abnormal follicular development 
is extremely important for diagnosing and treating infertile women.

Methods RNA sequencing was performed with ovarian cortical tissues established in vitro. In situ-hybridization 
assays were performed to study microRNA-338-3p (miR-338-3p) expressed in GCs and oocytes. In vitro culture 
models were established with GCs and neonatal mouse ovaries to study the biological effects of miR-338-3p. We also 
performed in vivo experiments by injecting adeno-associated virus vectors that drive miR-338-3p overexpression into 
the mouse ovarian bursae.

Results Sequencing analysis showed that miR-338-3p was expressed at significantly higher levels in ovarian cortical 
tissues derived from patients with ovarian insufficiency than in cortical tissues derived from patients with normal 
ovarian function; miR-338-3p was also significantly highly expressed in the GCs of patients with diminished ovarian 
reserve (P < 0.05). In situ-hybridization assays revealed that miR-338-3p was expressed in the cytoplasm of GCs and 
oocytes. Using in vitro culture models of granulosa cells, we found that miR-338-3p overexpression significantly 
suppressed the proliferation and oestradiol-production capacity of GCs (P < 0.05). In vitro culture models of neonatal 
mouse ovaries indicated that miR-338-3p overexpression suppressed the early follicular development in mouse 
ovaries. Further analysis revealed that miR-338-3p might be involved in transforming growth factor β-dependent 
regulation of granulosa cell proliferation and, thus, early follicular development. Injecting miR-338-3p-overexpression 
vectors into the mouse ovarian bursae showed that miR-338-3p down-regulated the oocyte mitochondrial 
membrane potential in mice and disrupted mouse oestrous cycles.
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Background
The ovarian follicle represents the basic unit of the mam-
malian ovary that performs reproductive and secretory 
functions. A woman is born with a finite number of pri-
mordial follicles in her ovarian follicle bank and after 
puberty, a population of primordial follicles begins to 
develop periodically under the influence of endogenous 
hormones. Eventually, however, less than 1% of the pri-
mordial follicles can develop into mature follicles and 
ovulate, and most of the primordial follicles undergo fol-
licular atresia [1].

Women experience a sharp decline in their ovar-
ian reserve of primordial follicles and a gradual decline 
of ovarian function after the age of 40. A premature 
decrease in the number of recruitable follicles in the 
ovaries or delayed follicular development can lead to 
a diminished ovarian reserve (DOR). Devine et al. con-
ducted an epidemiological survey on DOR and found 
that the prevalence of DOR increased from 19 to 26% 
from 2004 to 2011 among US patients treated with 
assisted reproductive technology (ART) procedures [2]. 
The ovarian reserve is crucial for the maintenance of 
fertility in women, and the capacity of follicular devel-
opment determines the state of the ovarian reserve [3]. 
Premature ovarian insufficiency (POI) is a continuum of 
declining ovarian function that occurs in woman under 
the age of 40 that is manifested by menstrual disturbance 
(amenorrhea, oligomenorrhea, or polymenorrhoea) with 
elevated levels of gonadotropins and decreased levels of 
oestrogen. Patients with POI experience reduced fertility 
or a near loss of fertility and low oestrogen levels, which 
increase the patient’s long-term risk of developing osteo-
porosis and cardiovascular diseases; thus, it is especially 
important to limit the pathogenesis of POI. The aetiol-
ogy of POI is highly heterogeneous and the currently 
known causes mainly include genetic factors, immune 
factors, and iatrogenic factors (among others), with 
genetic factors being considered an important etiologi-
cal factor for POI. The coding regions of genes associated 
with POI have been extensively studied, and non-coding 
RNAs have gained increasingly wider attention among 
researchers in recent years. Some data have suggested 
that miRNAs are widely expressed in mammalian ovaries 
and that their expression levels change with the progres-
sion of follicular development [4]. These findings indicate 
that miRNAs play major roles in follicular development.

An ovarian follicle mainly consists of an oocyte 
located centrally within the follicle, GCs surrounding 
the oocyte, and theca cells and follicular fluid in the fol-
licular lumen. The proliferation and secretory activities 
of GCs play crucial roles in follicular development and 
directly affect the status of follicular development [5]. 
Previous data revealed that granulosa cell apoptosis and 
a decreased number of granulosa cell layers can cause 
abnormal changes in the ratio of sex hormones in the fol-
licular fluid, resulting in an undersupply of nutrients to 
the oocyte and disrupted intercellular signal transduc-
tion, which eventually leads to the inhibition of follicular 
development and, consequently, a poor ovarian reserve 
[6]. The aetiology of DOR has yet to be fully elucidated, 
but genetic factors, environmental factors, ovarian dam-
age caused by ovarian surgery/chemotherapy/radio-
therapy, or abnormal expression of transforming growth 
factor (TGF, a regulator of follicular development) can 
lead to abnormal ovarian follicle development, excessive 
depletion of primordial follicle reserves, inhibited devel-
opment of primary and secondary follicles, accelerated 
follicular atresia, and the consequent occurrence of DOR 
[7]. Similarly, abnormalities during any stage of follicu-
lar development can result in POI, such as an excessively 
small ovarian reserve of primordial follicles, accelerated 
follicular atresia, and abnormalities in the recruitment or 
functions of follicles. In-depth studies on the functions 
of GCs and follicular development can help reveal the 
molecular mechanisms underlying the pathogenesis of 
diseases associated with abnormalities in follicular devel-
opment, such as DOR and POI.

MicroRNAs (miRNAs) comprise a class of small (22–
25 nucleotide) non-coding RNAs that serve regulatory 
roles [8]. miRNAs are initially transcribed as long sin-
gle-stranded primary miRNAs (pri-miRNAs), and these 
pri-miRNAs are cleaved in the cell nucleus by the Dro-
sha (ribonuclease)–DGCR8 complex to generate small 
stem–loop RNA structures (65–70 base pairs in length) 
called precursor miRNAs (pre-miRNAs). Subsequently, 
the stem–loop pre-miRNAs are exported to the cyto-
plasm through the nuclear pores by the nuclear export 
protein, Exportin 5, and then cleaved by the enzyme, 
Dicer, to release small-molecule RNA dimers in the cyto-
plasm. After further processing, the RNA dimers become 
mature miRNAs that bind to the intracytoplasmic AGO 
protein to form the miRNA-induced silencing complex 
and perform their biological functions [9]. Although the 
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transcripts of the miRNA genes cannot be translated 
to proteins, they are widely known to regulate biologi-
cal activities at the post-transcriptional level [10]. miR-
NAs primarily inhibit gene expression in two ways: (1) 
miRNAs bind to the 3′-untranslated region (3′-UTR) of 
target messenger RNAs (mRNAs) and induce silencing 
of the target genes via full pairing with complementary 
bases. (2) miRNAs bind to the 3′-UTRs of mRNAs via 
partial pairing of complementary bases to repress gene 
expression [11]. In addition, a study by Vasudevan et al. 
suggested that some miRNAs such as miR-369-3p, let-7, 
and cxcr can positively regulate gene expression by pro-
moting the translation of mRNAs into proteins during 
the G1 phase of the cell cycle [12].

MiRNAs can be applied for the diagnosis, monitoring 
and prognosis of cancer and endocrine diseases con-
sidering that they are stable in human tissues and body 
fluids, are highly conserved, and are not easily degraded 
by ribonucleases [13]. In the field of reproductive sci-
ence, miRNAs are also being used as emerging molecular 
markers to assess ovarian functions, endometrial recep-
tivity, and embryo quality [14]. As mentioned above, the 
occurrence of DOR is closely associated with the pro-
liferation and the apoptotic state of granulosa cells. The 
results of previous studies suggested that miRNAs can 
affect the hormonal production, proliferation, differentia-
tion, and apoptosis of GCs by regulating the expression 
levels of steroidogenic acute regulatory (StAR) protein, 
cytochrome P450 19A1 (CYP19A1) gene, transforming 
growth factor β1 (TGFβ1) - drosophila mothers against 
decapentaplegic (Smads) signalling pathway, as well as 
the activity of the phosphatidyl inositol 3-kinase (PI3K)/
protein kinase B (Akt)/mammalian target of rapamycin 
(mTOR) signalling pathway [15, 16].

In this study, we found that miR-338-3p was expressed 
at significantly high levels in ovarian cortical tissues from 
patients with POI via RNA sequencing. In addition, we 
established in vitro culture of GCs and mouse ovaries 
and performed in vivo mouse experiments to investi-
gate the impact of miR-338-3p on the proliferation and 
hormonal production of granulosa cells, early follicular 
development, oocyte quality, and the oestrous cycle.

Materials and methods
Sample collection and cell culture
Sixty-eight infertile patients who underwent in vitro 
fertilization (IVF)- or intracytoplasmic sperm injec-
tion (ICSI)-based ART procedures at the Center for 
Reproductive Medicine in the First Affiliated Hospital 
of Zhengzhou University were recruited and enrolled 
in this study. B-mode ultrasound-guided transvaginal 
oocyte retrieval was performed by introducing the punc-
ture needle through the posterior fornix of the vagina 
to obtain the patients’ follicular fluid. Primary human 

GCs were then isolated and purified by density-gradient 
centrifugation, and approximately 50% of GCs have the 
ability to survive. Except for the need to explore research 
related to different types of granulosa cells derived from 
different ovarian function, other experiments are con-
ducted to pool granulosa cells from multiple patient 
sources to reduce the possible impact on the results due 
to individual differences in patients. The normal control 
group was composed of patients who had normal ovar-
ian function, but experienced infertility caused by tubal 
factors or male factors. Patients who previously received 
surgical treatment for ovarian or pelvic disorders; under-
went pre-implantation genetic diagnosis for familial 
hereditary diseases; or had systemic diseases, endome-
triosis, or thyroid dysfunction were excluded from this 
study. Patients who met the following criteria were 
included in the DOR group: ≤45 years of age, Anti-Mulle-
rian Hormone: 0.5–1.1 µg/L, Antral Follicle Count: 5–7, 
basic Follicle Stimulating Hormone: 10–40 IU/L, normal 
chromosomal karyotype.

Primary human GCs and KGN cells (a human granu-
losa-like tumour cell line) were cultured in DMEM/F12 
(Gibco, Waltham, USA) medium supplemented with 
10% charcoal/dextran-treated foetal bovine serum (FBS; 
HyClone, Logan, USA) and 1% penicillin and streptomy-
cin sulphate (HyClone) at 37℃ with 5% CO2 and satu-
rated humidity. The primary GCs cultured in vitro were 
irregular polygonal adherent growth cells. During the 
experiments, primary GCs were treated with recombi-
nant TGF-β1 dissolved in 4 mM HCl containing 0.1% 
bovine serum albumin (BSA), whereas the control group 
was treated with an equal volume of 4 mM HCl contain-
ing 0.1% BSA.

Real-time polymerase chain reaction (PCR) analysis
Total RNA was extracted from primary human GCs 
using TRIzol (Invitrogen, Carlsbad, USA), and RNase-
free water (Solarbio, Beijing, China) was added to dis-
solve the precipitated RNA before repeated blowing for 
an even mixture. The concentration and purity of the 
RNA obtained were measured using a NanoDrop instru-
ment (Thermo Fisher Scientific, Waltham, USA). The 
concentration of RNA were 595.1-623.4 ng/µL, and the 
OD260/280 and OD260/230 of RNA were 1.95–1.97 and 
2.10–2.24, respectively. The Hairpin-it™ miRNA qRT-
PCR Quantitation Kit (GenePharma, Shanghai, China) 
was used to reverse transcribe the extracted total RNA 
into complementary DNA (cDNA) by incubation at 25℃ 
for 30  min, at 42℃ for 30  min, and at 85℃ for 5  min. 
Real-time fluorescence-based quantitative PCR were 
then performed to amplify and quantify the reverse-
transcribed cDNA using the by incubation Hairpin-it™ 
miRNA qRT-PCR Quantitation Kit (GenePharma) in 
a 7500 Real-Time PCR System (Bio-Rad Laboratories, 
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Hercules, USA) at 95℃ for 3 min, followed by 40 cycles 
of 95℃ for 12  s and 62℃ for 40  s. The relative expres-
sion levels of miR-338-3p were determined by the 2−ΔΔCT 
method: ΔCT = ΔCT target – ΔCT reference; -ΔΔCT = – 
(ΔCT sample – ΔCT control). U6 RNA was detected as 
the internal reference control gene. The primers used for 
the PCR were listed in Supplementary Table S1.

Fluorescencein situhybridization (FISH).
After the human primary GCs were attached to slides 

and fixed with 4% paraformaldehyde at room tempera-
ture for 20 min, a gene pen was used to draw circles on 
the cell slides. Then, 20 µg/ml proteinase K (Servicebio, 
Wuhan, China) was added dropwise in the circles and 
the cells were digested for 5  min, after which prehy-
bridization solution (Servicebio) was added dropwise, 
and the samples were incubated for 1  h at 37℃. Next, 
hybridization solution containing miR-338-3p probes (8 
ng/µl; probe sequence: 5′-CAACAAAATCACTGAT-
GCTGGA-3′) was added dropwise and hybridization 
was allowed to proceed overnight at 37℃. On the next 
day, the mixture was blocked in 0.1% BSA diluted with 
phosphate-buffered saline (PBS; Servicebio) at room tem-
perature for 30 min after the hybridization solution was 
removed with saline sodium citrate (SSC; Servicebio). 
A Cy3-labelled anti-DIG antibody (Jackson Laborato-
ries, West Grove, USA) was then added dropwise before 
the mixture was incubated at 37℃ for 50  min. Subse-
quently, 4,6-diamidino-2-phenylindole (DAPI; Cell Sig-
naling Technology, Danvers, USA) was added under dark 
conditions, the samples were incubated for 8  min, and 
images were collected under an inverted fluorescence 
microscope Axio Observer (Carl Zeiss, Oberkochen, 
Germany).

Granulosa cell transfections
GCs were expanded in 6-well plates and transfected when 
the cell density reached 70-80%. To perform the transfec-
tions, 125  µl of Opti-MEM (Thermo Fisher Scientific) 
was first mixed with 7.5 µl of Lipofectamine RNAiMAX 
(Invitrogen) in a Eppendorf (EP) centrifuge tube, the 
mixture was vortexed, and the tube was centrifuged. In 
separate tubes, 125 µl of Opti-MEM was mixed with a set 
volume of stock solution containing miR-338-3p mimics, 
an miR-338-3p inhibitor, or the corresponding negative 
control (GenePharma, Shanghai, China), after which the 
EP tubes were vortexed and centrifuged. Subsequently, 
equal volumes of both types of solutions (solutions con-
taining the transfection reagent and one of the indicated 
nucleotides) were evenly mixed, centrifuged, and allowed 
to stand for 10  min. After the medium in the 6-well 
plates was replaced with fresh DMEM/F12 medium, the 
transfection mixture was added dropwise and evenly to 
the 6-well plates. At 6  h post-transfection, the medium 
in each 6-well plate was discarded and replaced with 

DMEM/F12 medium containing 10% FBS. miR-338-3p 
overexpression or inhibition in GCs was verified by real-
time PCR (Supplementary Figure S1).

Cell-proliferation analysis
Cells were evenly inoculated into 96-well cell culture 
plates at a density of approximately 4000 cells/well. The 
cells were transfected when they entered logarithmic 
growth phase on the next day. A solution for detect-
ing cell proliferation was prepared by mixing 10  µl of 
Cell-Counting Kit-8 (CCK-8; Boster Biological Technol-
ogy, Wuhan, China) with every 100  µl of DMEM/F12 
medium. Then, 110 µl of the resulting solution was added 
to each well after thorough mixing, and each 96-well 
plate was placed in a CO2 incubator for 2  h of further 
incubation. Next, the optical density at 450 nm (OD450) 
was measured with a Varioskan Flash microplate reader 
(Thermo Fisher Scientific).

Oestradiol measurements
To determine the capacity of primary human GCs to 
secrete oestradiol (E2), the cells were evenly inoculated 
into 6-well plates at a density of 1 × 106 cells/well. When 
the cell density reached approximately 70%, the cells were 
transfected with miR-338-3p mimics or an miR-338-3p 
inhibitor. At 6  h post-transfection, the original growth 
medium was replaced with culture medium contain-
ing 10− 7 M testosterone (Sigma, St Louis, USA), and the 
cells were cultured for another 48  h. Subsequently, the 
culture medium was collected and the supernatant was 
harvested by centrifugation. The E2 concentration in the 
supernatant was measured in a Roche Diagnostics Cobas 
6000 instrument (Roche Diagnostics) using an Electro-
chemiluminescence Immunoassay Kit (Roche Diagnos-
tics, Rotkreuz, Switzerland).

Western blotting
Primary human GCs were lysed with high-efficiency 
cell lysis buffer (Solarbio) and centrifuged at 10,000 × g 
and 4℃, in order to harvest the protein samples from 
the supernatants. The OD values of the standard protein 
and test protein samples were measured at 595 nm using 
a microplate reader, with Quick Start™ Bovine Serum 
Albumin (Bio-Rad Laboratories) serving as the standard 
for the protein assays. The proteins were separated by 
sodium dodecyl sulphate polyacrylamide gel electropho-
resis and transferred to polyvinylidene difluoride (PVDF) 
membranes. Subsequently, the PVDF membranes were 
blocked in Tris-buffered saline and tween 20 (TBST, 
CWBIO, Beijing, China) containing 5% skimmed milk 
powder for 1 h, primary antibodies were added, and the 
membranes were incubated overnight at 4℃. On the next 
day, the PVDF membranes were washed with TBST and 
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incubated with appropriate secondary antibodies in 5% 
skimmed milk on a shaker at room temperature for 1 h. 
After washing the membranes with TBST, the immu-
noreactive bands were detected using enhanced chemi-
luminescent substrates (Bio-Rad Laboratories) and the 
images of chemiluminescent blots were captured with a 
ChemiDoc MP imager (Bio-Rad Laboratories). The pri-
mary antibodies used in this study included antibod-
ies against B-cell lymphoma 2 (Bcl-2; 1:10000 dilution; 
Abcam, Cambridge, UK), protein 53 (p53; 1:1000; Cell 
Signaling Technology), aromatase (1:500; Abcam), and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 
1:5000; Abcam). The secondary antibodies used in this 
study included a polyclonal goat anti-mouse IgG anti-
body (1:5000; Abcam) and a polyclonal goat anti-rabbit 
IgG antibody (1:5000; Abcam).

Immunofluorescence
Primary human GCs were inoculated on cell slides and 
transfected with miR-338-3p mimics, an miR-338-3p 
inhibitor, or the corresponding control treatment when 
the cell density reached approximately 70%. After 48  h 
of further cell culture, the culture medium in each 6-well 
plate was discarded. The cells attached to the slides 
were fixed with 4% paraformaldehyde at room tempera-
ture for 20 min, after which PBS containing 0.5% Triton 
X-100 (PBST; Solarbio) was used to permeabilize the cells 
for 20  min. Subsequently, the cell slides were blocked 
with PBS containing 5% BSA for 40  min and incubated 
overnight at 4℃ with anti-Ki-67 antibodies diluted in 
PBS supplemented with 5% BSA (1:1000, Cell Signal-
ing Technology). After washing the slides three times in 
PBST, they were incubated with a secondary Alexa Fluor 
488 AffiniPure Goat Anti-Rabbit IgG antibody (Jackson 
ImmunoResearch, West Grove, USA) for 30  min under 
dark conditions. Finally, the cell nuclei were stained with 
1  µg/ml DAPI diluted in PBS (Sigma) for 10–15  min. 
After completing the counterstaining, the images were 
observed and collected under a fluorescence microscope 
(Carl Zeiss).

Each mouse was administrated an intraperitoneal 
injection of 0.1 ml of Pregnant Mare Serum Gonadotro-
pin (10 international units (IUs)/ml; Solarbio), followed 
48 h later by an intraperitoneal injection of 0.1 ml 10 IU/
ml hCG (Solarbio). Sixteen hours after the second injec-
tion, the mice were sacrificed by cervical dislocation to 
harvest the fallopian tubes and collect the cumulus–
oocyte complexes (COCs) under a microscope. The col-
lected COCs were then treated with hyaluronidase (Aibei 
Biotechnology, Nanjing, China) to remove the cumulus 
cells and further cultured in growth medium for 1–2 h. 
Finally, the oocytes were stained using the Mitochondrial 
Membrane Potential Assay Kit (JC-1; Beyotime, Shang-
hai, China) according to the manufacturer’s instructions, 

and the images were observed and collected under a fluo-
rescence microscope (Carl Zeiss).

In vitro culture of new-born mouse ovaries
Neonatal D1 and D4 female CD1 (ICR) mice (Charles 
River Laboratories, Beijing, China) were sacrificed by 
cervical dislocation, and an abdominal wall and skin 
incision was made in the ventral midline to fully expose 
the abdominal viscera. After the Y-shaped uterus and 
kidneys above the uterus were located, the adipose tis-
sue at the junction between the kidneys and the upper 
segment of the uterus was separated and placed in PBS 
(Solarbio) at 37℃, and the neonatal mouse ovaries were 
isolated under a stereomicroscope (Nikon, Tokyo, Japan). 
The isolated ovaries were divided into three groups: the 
fresh-control group, the adenovirus-infected control 
group, and the group transfected with an miR-338-3p-
overexpression adenoviral vector. The neonatal mouse 
ovaries in the fresh-control group were placed in 4% 
paraformaldehyde for fixation, followed by subsequent 
haematoxylin and eosin (HE) staining immediately after 
isolation. The mouse ovaries in the adenovirus-infected 
control group and the group transfected with the miR-
338-3p-overexpression adenoviral vector were cultured 
at 37℃ with 5% CO2 and saturated humidity in α-MEM 
(Gibco, Waltham, USA) supplemented with 10% FBS and 
1% penicillin and streptomycin sulphate. Adenoviral vec-
tors (adv-EGFP or adv-miR-338-3p) at a titre of 5 × 1010 
plaque-forming units/ml were added to the in vitro cul-
ture system for neonatal mouse ovaries. At 6  h post-
transfection, the original growth medium was replaced 
with normal culture medium, the ovaries were culture for 
an additional 48 h, and then the cells were re-transfected 
with adv-EGFP or adv-miR-338-3p for 6  h. The growth 
medium was then replaced with normal culture medium, 
and the cells were cultured for an additional 48 h. After 
the completion of ovarian culture, the ovaries were 
fixed with 4% paraformaldehyde and HE staining was 
performed.

HE staining and ovarian follicle recognition
To confirm the effect of miR-338-3p on follicular devel-
opment, we first fixed the treated neonatal mouse ovaries 
with 4% paraformaldehyde overnight at 4℃. After fixa-
tion, the ovarian tissues were immersed and dehydrated 
in ethanol, and then embedded in paraffin wax. The par-
affin block was continuously sectioned at a thickness of 
5 μm, followed by dewaxing, rehydration and HE stain-
ing. Follicles at different maturation stages were identified 
based on a previously reported method [17]. The criteria 
for ovarian follicle recognition were as follows: primor-
dial follicles were identified by an oocyte surrounded by 
a single layer of flattened granulosa cells; primary follicles 
were identified by an oocyte surrounded by a single layer 
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of cuboidal granulosa cells; secondary follicles were iden-
tified by an oocyte surrounded by two or more layers of 
cuboidal granulosa cells, without an observable follicular 
antrum; and antral follicles were identified by an oocyte 
surrounded by two or more layers of granulosa cells, with 
a clearly observable follicular antrum.

In situ injection of mouse ovaries
Eight-week-old CD1 mice (Charles River) were weighed 
and anaesthetized by intraperitoneal injection with nor-
mal saline solution containing 2% pentobarbital sodium 
(Sigma; 45 mg/kg body weight). The anaesthetized mice 
were then placed in a prone position on a sterile drape. 
After the surgical sites were located on both sides of the 
lumbar spine, shaved, and disinfected with 75% ethanol 
to expose the surgical field of vision. Next, a 1  cm skin 
incision was made in the surgical field, and ophthalmic 
forceps were used to locate the ovaries in the surgical 
field and gently lift up the adipose tissue surrounding the 
ovaries, which exposed the ovarian bursa. Subsequently, 
10 µL of AAV-EGFP or AAV-miR-338-3p was injected 
into the ovarian bursa. After the injection, the injection 
site was allowed to stand for 3  min so that the injected 
fluid fully infiltrated into the ovary. Subsequently, the 
ovary was gently pushed back into the abdominal cav-
ity and gentamicin was dripped into the surgical inci-
sion before the incision was sutured layer by layer. After 
surgery, the mice were allowed to wake up and recover 
from anaesthesia in a warm and dry environment, and 
they were returned to the rearing cage after they resumed 
activity.

Oestrous cycle identification
The oestrous cycle of the mice was monitored by examin-
ing exfoliated cells from the vagina. A thin sterile cotton 
swab was moistened with normal saline solution, gently 
inserted 0.5  cm into the vaginal cavity of each mouse, 
and slowly rotated 360°. The vaginal contents adhering to 
the thin cotton swab were spread evenly on a glass slide 
to prepare a vaginal smear, which was subsequently air-
dried. The air-dried smear was then immersed in 95% 
ethanol for 5  min, stained with haematoxylin solution 
(Solarbio) for 8 min, rinsed with water for 30 s, immersed 
in ethanol containing 19% HCl for 10 s, rinsed with water 
for 1 min, dehydrated with 95% ethanol for 3 min, stained 
with eosin solution (Solarbio) for 30 s, rinsed with water 
for 20 s, and finally dehydrated in 95% ethanol for 2 min. 
After the staining procedures were completed, the vagi-
nal smears were observed under a microscope for his-
tological changes to identify the different phases of the 
oestrous cycle [18].

Statistical analysis
SPSS software (version 20.0) was used for statistical data 
analysis. Normally distributed continuous variables were 
expressed as the mean ± standard deviation. The para-
metric Student’s t-test was performed to compare two 
groups, and one-way analysis of variance (ANOVA) or 
two-way repeated-measures ANOVA was performed to 
compare three or more groups. The chi-squared test was 
performed to compare categorical variables. A P value 
of < 0.05 indicates differences of statistical significance. 
Each experiment was independently repeated at least 
three times.

Results
miR-338-3p was highly expressed in ovarian cortical 
tissues of patients with POI and in GCs from patients with 
DOR
To investigate the regulatory effects of miRNAs on the 
occurrence and development of POI, we analysed the 
miRNA-expression profiles in ovarian cortical tissues 
from five patients with POI and five patients with normal 
ovarian function. The results revealed 39 significantly 
differentially expressed miRNAs between the corti-
cal tissues derived from patients with POI and patients 
with normal ovarian function (P < 0.05) (Fig. 1A), includ-
ing miR-196a-5p, miR-133a-3p, miR-1-3p, miR-338-3p, 
miR-1247-5p, miR-218-5p, miR-9-5p, miR-136-5p, 
miR-19b-3p, miR-222-3p, miR-21-5p, miR-514a-3p, 
miR-221-3p, etc. (Supplementary Table S2). miR-338-3p 
expression was significantly higher in ovarian cortical tis-
sues derived from patients with POI than in cortical tis-
sues derived from patients with normal ovarian function 
(P < 0.0001, fold-change > 2).

To further study the correlation between miR-338-3p 
expression and ovarian function, we collected follicular 
fluid from 8 patients with normal ovarian function and 
14 patients with DOR, and isolated primary granulosa 
cells from the collected follicular fluids. Reverse tran-
scriptase-quantitative polymerase chain reaction (RT-
qPCR) analysis was performed to measure the relative 
expression levels of miR-338-3p in granulosa cells. The 
expression levels of miR-338-3p in GCs derived from 
patients with DOR were significantly higher than in those 
derived from control patients with normal ovarian func-
tion (P < 0.05; Fig. 1B).

The expression and localization of miR-338-3p in primary 
human ovarian GCs and mouse ovaries
To further investigate the impact of miR-338-3p on fol-
licular development and ovarian function, we performed 
FISH to analyse miR-338-3p expression and localization 
in primary human GCs and mouse ovaries. We observed 
that miR-338-3p was expressed in primary human GCs 
and was mainly located in the cytoplasm; miR-338-3p 
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expression was not observed in the cell nuclei. Moreover, 
the expression level of miR-338-3p in granulosa cells 
from patients with DOR was significantly higher than 
that in the control group (Fig. 2A, B). Because hsa-miR-
338-3p and mmu-miR-338-3p have the same sequence 
(5′-UCCAGCAUCAGUGAUUUUGUUG-3′; https://
www.mirbase.org/), we further analysed miR-338-3p 
expression and localization in mouse ovarian tissues. 
We found that miR-338-3p was mainly expressed in the 
GCs and oocytes of mouse ovarian follicles and that miR-
338-3p was also located in the cytoplasm of mouse GCs 
and oocytes; miR-338-3p expression was not observed 
in the cell nuclei. Besides, the expression level of miR-
338-3p in the ovaries of POI model mice was significantly 
higher than that of the control group (Fig. 2C, D).

Overexpression of mir-338-3p suppressed the proliferation 
of GCs and their capacity to secrete oestradiol
As mentioned above, miR-338-3p was detected in GCs 
and oocytes and was highly expressed in the ovarian 
cortical tissues derived from patients with POI and GCs 
derived from patients with DOR. These results sug-
gest that miR-338-3p might help regulate granulosa cell 

functions. KGN GCs were transfected with miR-338-3p 
mimics to induce miR-338-3p overexpression or miR-
338-3p inhibitors to down-regulate miR-338-3p expres-
sion; cell-proliferation curves were plotted using the 
CCK-8 method. The results suggest that miR-338-3p 
overexpression significantly inhibited KGN cell prolif-
eration (P < 0.01; Fig.  3A) and that miR-338-3p down-
regulation significantly promoted KGN cell proliferation 
(P < 0.01; Fig. 3B). Western blotting analysis showed that 
miR-338-3p overexpression was accompanied by lower 
Bcl-2 expression, whereas inhibiting miR-338-3p expres-
sion was accompanied by significantly elevated Bcl-2 
expression (P < 0.01; Fig. 3C, D). miR-338-3p overexpres-
sion was accompanied by significantly elevated p53 pro-
tein levels, whereas inhibiting miR-338-3p expression 
was accompanied by significantly lower p53 protein lev-
els (P < 0.05; Fig. 3E, F). Granulosa cell proliferation was 
further analysed by detecting the intracellular expres-
sion of Ki-67. The results revealed that the intranuclear 
Ki-67-positivity rates were significantly lower in the 
miR-338-3p-overexpression group than in the con-
trol group, whereas miR-338-3p down-regulation was 

Fig. 1 miR-338-3p expression in ovarian cortical tissues and granulosa cells. (A) Next-generation sequencing was performed to analyse miRNA-expres-
sion profile in the ovarian cortical tissues derived from patients with POI or normal ovarian function, and a clustering-analysis map was plotted for the 
differentially expressed miRNAs. The red and green blocks indicate differentially expressed genes in ovarian cortical tissues derived from POI patients 
that were up-regulated or down-regulated, respectively. The X-axis corresponds to the ovarian cortical tissue samples derived from patients with normal 
ovarian function or POI, and the Y-axis corresponds to the differentially expressed miRNAs. (B) Follicular fluid samples were collected from patients with 
normal ovarian function or a low ovarian reserve. The primary GCs were purified by density-gradient centrifugation and total RNA was extracted using 
TRIzol. After the extracted total RNA was reverse transcribed, real-time PCR was performed to detect the relative expression levels of miR-338-3p. U6 RNA 
was detected as the internal reference. ****P < 0.0001

 

https://www.mirbase.org/
https://www.mirbase.org/
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accompanied by significantly increased Ki-67 positivity 
rates (P < 0.0001; Fig. 3G-I).

To determine the impact of miR-338-3p on the oestro-
gen-production capacity of granulosa cells, we detected 
oestradiol concentrations in the culture medium of pri-
mary GCs after altering the expression of miR-338-3p. 
Overexpressing miR-338-3p was accompanied by sig-
nificantly lower E2 levels in the culture supernatant 
(P < 0.01), whereas inhibiting miR-338-3p expression 
was accompanied by significantly elevated E2 levels in 
the culture supernatant (P < 0.05; Fig. 4A). Overexpress-
ing miR-338-3p in GCs significantly down-regulated the 
expression of aromatase (P < 0.01), a rate-limiting enzyme 
involved in oestradiol biosynthesis), whereas down-reg-
ulating miR-338-3p expression significantly elevated aro-
matase expression (P < 0.01; Fig. 4B, C).

Overexpressing miR-338-3p suppressed early follicular 
development in neonatal mouse ovaries culture in vitro
Our preliminary experiments suggested that miR-338-3p 
expression was up-regulated in GCs from patients with 
ovarian hypofunction, which inhibited granulosa cell 

proliferation and oestradiol secretion from granulosa 
cells. Therefore, we hypothesized that miR-338-3p might 
interfere with follicular development by regulating gran-
ulosa cell function and thereby induce ovarian hypo-
function. To test this hypothesis, we altered miR-338-3p 
expression in in vitro-cultured neonatal mouse ovaries 
and analysed the developmental statuses of follicles at 
different maturation stages.

Firstly, we validated the overexpression effect of miR-
338-3p in the neonatal mouse ovaries by FISH (Fig. 5A, 
B). After ovaries from neonatal D1 mice were cultured in 
vitro for 96 h, the follicles were morphologically normal 
and were capable of continued development (Fig. 5C(a), 
(b)), indicating that the in vitro culture system for neona-
tal D1 mouse ovaries can support the survival and con-
tinued development of mouse ovarian follicles. Similarly, 
ovaries from neonatal D4 mice also survived and con-
tinued to develop in the culture system (Fig. 5C(d), (e)). 
Compared with the fresh-control group, similar follicu-
lar morphologies and structures were maintained in the 
D1 neonatal mouse ovaries in the miR-338-3p-overex-
pression group, but the development of most primordial 

Fig. 2 Expression and localization of miR-338-3p in human primary GCs and mouse ovaries. (A&B) Primary human GCs in human follicular fluid from 
patients with normal ovarian function (A) or DOR (B) were purified by density-gradient centrifugation, inoculated on cell slides in 6-well plates, and cul-
tured for 24 h. After routine fixation of the cells, in situ hybridization was performed to detect the expression and localization of miR-338-3p. (C&D) After 
routine fixation and embedding of the obtained normal mouse ovaries (C) or POI mouse ovaries (D), in situ hybridization was performed to detect the 
expression and localization of miR-338-3p in the tissues. The blue signals reflect nuclear staining by DAPI. The red signals represent the NC or miR-338-3p 
signals, as indicated. Scale bars: 50 μm
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Fig. 4 miR-338-3p overexpression suppressed the E2-production capacity of primary human granulosa cells. (A) The GCs were inoculated in 6-well plates 
and expanded by routine culture for 24 h. Next, the original culture medium was replaced with cell-starvation medium, followed by 24 h of further culture. 
The cells were then transfected with miR-338-3p mimics/inhibitor to manipulate the expression level of miR-338-3p and cultured for 48 h, after which the 
culture supernatant was collected to determine the E2 levels by performing an electrochemiluminescence immunoassay. (B) Primary human GCs were 
transfected with miR-338-3p mimics/inhibitor to manipulate miR-338-3p expression, the cells were cultured for 48 h, and western blotting analysis was 
performed to determine the expression level of aromatase. (C) Image J software was used to perform grayscale analysis of the aromatase protein bands. 
The bar chart displays the ratio of the grayscale value of the aromatase protein to that of the GAPDH protein. *P < 0.05, **P < 0.01, ***P < 0.01

 

Fig. 3 miR-338-3p overexpression suppressed granulosa cell proliferation. (A) The KGN cell line was seeded in 96-well plates and transfected with miR-
338-3p mimics or negative-control (NC) mimics, the OD450 values were measured at 0, 24, 48, and 72 h using the CCK-8 Kit, and cell-growth curves were 
plotted. (B) The KGN cells were transfected with miR-338-3p inhibitors or NC inhibitors; the OD450 values were measured at 0, 24, 48, and 72 h; and the 
cell-growth curves were plotted. (C-F) Human primary ovarian GCs were transfected with miR-338-3p mimics/inhibitor or their NCs, in order to manipu-
late the expression of miR-338-3p. After 48 h of further culture, the cellular proteins were extracted and the western blotting analysis was performed to 
detect the protein-expression levels of Bcl2 (C) and p53 (E) in each group, and to identify inter-group differences in terms of Bcl-2 protein expression (D) 
and p53 protein expression (F). The GAPDH protein expression was used as the internal reference control. (G) Primary human ovarian GCs were inoculated 
on cell slides, and the cells were transfected for 48 h with miR-338-3p mimics/inhibitor or their NCs to manipulate the expression of miR-338-3p. Subse-
quently, the cells were fixed for immunofluorescence staining to analyse the expression of the proliferation-associated nuclear antigen, Ki-67. The blue 
fluorescence indicates nuclear staining by DAPI. The green fluorescence represents the proliferation-associated nuclear antigen, Ki-67. Scale bar: 50 μm. 
The histogram shows the ratio of target antibody/DAPI mean fluorescence intensity (H, I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 5 The effect of miR-338-3p overexpression on follicular development in neonatal mouse ovaries cultured in vitro. (A&B) After routine fixation and 
embedding of the obtained D1 mouse ovaries (A) or D4 mouse ovaries (B), in situ hybridization was performed to detect the expression and localization 
of miR-338-3p in the tissues. (a): fresh-control group. (b): adenovirus-control group. (c): miR-338-3p-overexpression group.The blue signals reflect nuclear 
staining by DAPI. The red signals represent the NC or miR-338-3p signals, as indicated. (C): (a, d) The fresh-control group consisted of neonatal (D1, D4) 
mouse ovaries that were obtained, immediately fixed, routinely embedded, and then HE-stained. (b, e) The adenovirus-control group consisted of neona-
tal (D1, D4) mouse ovaries that were cultured in vitro, treated with adv-EGFP for 96 h, and then fixed. (c, f) The miR-338-3p-overexpression group (i.e. the 
experimental group) consisted of neonatal (D1, D4) mouse ovaries that were cultured in vitro, treated with adv-miR-338-3p for 96 h to induce miR-338-3p 
overexpression, and then fixed. Scale bars: 50 μm
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follicles was arrested (Fig.  5C(a), (c)). In contrast, the 
follicles in the negative-control group maintained their 
capacity for continued development, and the single layers 
of flattened GCs surrounding the oocytes mostly devel-
oped into multiple layers of cuboidal GCs (Fig.  5C(b)). 
These results suggest that miR-338-3p overexpression 
suppressed the primordial-to-primary follicle transition. 
HE staining of neonatal (D4) mouse ovaries revealed that 
the oocytes in the miR-338-3p-overexpression and fresh-
control groups were still mostly surrounded by a single 
layer of GCs (Fig. 5C(d), (f )). In contrast, the follicles in 
the neonatal (D4) mouse ovaries of the negative-control 
group notably exhibited a capacity for continued devel-
opment: the number of granulosa cell layers around 
the oocytes increased and secondary follicles devel-
oped (Fig.  5(e)). These results indicate that miR-338-3p 
impeded both the primordial-to-primary follicle transi-
tion and the primary-to-secondary follicle transition.

TGF-β promoted granulosa cell proliferation by down-
regulating miR-338-3p expression
Previous reports suggested that TGFβ plays a major role 
in regulating early follicular development by regulating 
the proliferation and differentiation of granulosa cells, 
hormonal production, and theca cell function. Hence, 
we hypothesized that miR-338-3p might also help medi-
ate the TGF-β signalling pathway and regulate follicular 
development, thereby affecting the ovarian reserve. In 
view of this hypothesis, we tested whether TGF-β can 

affect miR-338-3p expression and whether inhibiting 
miR-338-3p can overcome the regulatory effect of TGF-β 
on granulosa cell proliferation. TGF-β1 significantly sup-
pressed miR-338-3p expression in GCs (P < 0.01), and the 
inhibitory effects were more prominent at higher TGF-β1 
concentrations (Fig.  6A). Cell-viability assays indicated 
that TGF-β1 significantly promoted granulosa cell pro-
liferation and that miR-338-3p significantly suppressed 
granulosa cell proliferation. In addition, the GCs in the 
miR-338-3p-overexpression group treated with TGF-
β1 exhibited significantly weaker proliferation than the 
group treated with TGF-β1 alone (Fig. 6B). These results 
indicate that miR-338-3p suppressed the pro-prolifera-
tive effect of TGF-β1 on granulosa cells.

Overexpressing miR-338-3p in vivo affects the number 
of mouse follicles, the quality of mouse oocytes and the 
oestrous cycle
To further confirm the effect of miR-338-3p on the mouse 
oocyte quality and oestrous cycle in vivo, we injected 
AAV-EGFP (control group) and AAV-miR-338-3p (miR-
338-3p-overexpression group) into the ovarian bursa of 
the 2-month-old female mice. Firstly, we validated the 
overexpression level of miR-338-3p in the ovaries of mice 
at 35 days post-injection by RT-qPCR, and the results 
showed that the overexpression level of miR-338-3p 
was significant (P < 0.0001; Fig.  7A). The number of fol-
licles of the obtained mouse ovaries were analyzed by HE 
staining, and the results showed that overexpression of 

Fig. 6 miR-338-3p was involved in TGF-β1-dependent regulation of granulosa cell proliferation. (A) After the primary human GCs were routinely cultured 
in vitro for 24 h, the original culture medium was replaced with cell-starvation medium and the cells were cultured an additional 24 h. The cell-starvation 
medium was then replaced with culture medium supplemented with different concentrations of TGF-β1 (0, 1, or 2 ng/ml), and the cells were treated in 
this manner for 6 h. After the treatment was completed, total RNA was extracted from the GCs and real-time PCR was performed to analyse miR-338-3p 
expression. U6 RNA was detected as the internal reference. (B) The GCs were routinely seeded in 96-well plates and then transfected with miR-338-3p 
mimics/NC when the cell density reached approximately 70%. At 6 h post-transfection, the original culture medium was replaced with culture medium 
supplemented with TGFβ1 or control growth medium. The OD450 values were measured after 0, 24, 48, and 72 h by performing cell-viability assays, and 
cell-growth curves were plotted. The “mimics” group represents the miR-338-3p-overexpression group transfected with miR-338-3p mimics, and the 
“mimics-NC” group represents the NC group transfected with NC mimics. **P < 0.01; ***P < 0.001; ****P < 0.0001
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miR-338-3p significantly reduced the number of follicles 
at all levels in the mouse ovaries (Fig.  7B-D). Besides, 
the oocytes were harvested, stained using JC-1 dye, and 
observed under a laser-scanning confocal microscope. 
miR-338-3p overexpression was accompanied by signifi-
cantly elevated oocyte staining with JC-1 (Fig. 7E), indi-
cating that miR-338-3p overexpression decreased the 
oocyte mitochondrial-membrane potential and, thus, 
lowered the oocyte quality. Subsequently, we monitored 
and analysed the oestrous cycle in the injected mice. The 
mice in the miR-338-3p-overexpression group experi-
enced a significantly prolonged duration of anoestrus 
than the mice in the control group, as well as irregular 
oestrous cycles (Fig. 7F, G).

Discussion
With the emergence and improvement of ART in recent 
years, the rates of successful treatment and clinical preg-
nancies in infertile couples have been improving [19]. 
Nevertheless, patients with DOR that undergo IVF/ICSI-
embryo transfer still face various problems including 
an insufficient quantity of the harvested oocytes, poor 

oocytes quality, and low clinical-pregnancy rate [20], 
which affects the treatment-success rate and causes vary-
ing degrees of physical and emotional trauma. Patients 
with DOR usually have relatively few sinus follicles and 
are insensitive to medications commonly used to induce 
ovulation. In addition, chronically low oestrogen levels in 
patients with DOR can increase their risk for developing 
cardio-cerebrovascular diseases and osteoporosis [1], and 
the disease remains idiopathic for over half of all patients 
with DOR. Hence, more diagnostic approaches and treat-
ment regimens can be inspired in clinical practice by 
exploring the biological mechanism underlying follicular 
development and the occurrence of DOR. Therefore, in 
this study, we investigated a significantly overexpressed 
miR-338-3p in ovarian cortical tissue derived from POI, 
and explored the mechanism of miR-338-3p participat-
ing in ovarian follicle development through cell culture in 
vitro, neonatal mouse ovarian culture in vitro, and mouse 
in vivo experiments.

We performed high-throughput next-generation 
sequencing analysis and found that miR-338-3p expres-
sion was significantly higher in ovarian cortical tissues 

Fig. 7 Effects of miR-338-3p on the number of follicles, the oocyte mitochondrial-membrane potential and the oestrous cycle. (A) The control group 
consisted of 2-month-old female mice receiving injections of EGFP-adeno-associated virus (AAV) into their ovarian bursae and the miR-338-3p-overex-
pression group consisted of mice receiving injections of miR-338-3p-AAV. After 35 days of injection, total RNA from mouse ovaries was extracted respec-
tively from the control group and the miR-338-3p-overexpression group and real-time PCR was performed to analyse miR-338-3p expression. U6 RNA was 
detected as the internal reference. (B-D) At 35 days post-injection, mouse ovaries were obtained and HE staining was used to analyze the differences in 
the number of follicles at all levels between the control group (B) and the miR-338-3p overexpression group (C). (E) mouse oocytes were harvested and 
stained with the JC-1 dye to analyse the oocyte mitochondrial-membrane potential in the control group (a-c) and the miR-338-3p-overexpression group 
(d-f). The green mitochondria showed maximum fluorescence emission between 515 and 530 nm, and the red mitochondria had an emission peak of 
585 nm. The JC-1 monomers (green fluorescence) indicate a low mitochondrial-membrane potential, whereas the JC-1 polymers (red fluorescence) 
indicate a high mitochondrial membrane potential. (F, G) At 35 days post-injection, vaginal smears were collected daily from the mice and stained with 
HE to monitor the oestrous cycle. The dynamic line charts of the mouse oestrous cycles covering 14 consecutive days in the control group (F) and the 
miR-338-3p-overexpression group (G) are shown
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derived from patients with POI than in cortical tissues 
derived from patients with normal ovarian function. 
However, it remains unclear whether miR-338-3p helps 
regulate ovarian follicular development. Therefore, the 
aims of this study with human GCs and mice were to 
explore the relationship between the regulatory effect of 
miR-338-3p on granulosa cell function and ovarian hypo-
function, as well as the effects of miR-338-3p on mouse 
follicular development, mouse oocytes, and oestrous 
cycles.

Previous data suggested that miRNAs are associated 
with POI pathogenesis. The results of a study by Nie et 
al. revealed that miR-23a and miR-27a expression levels 
were higher in serum samples from patients with POI 
than in serum samples from patients with normal ovar-
ian function; miR-23a and miR-27a targeted the Smad5-
activated Fas cell surface death receptor (Fas)/Fas ligand 
signalling pathway, thereby up-regulating the caspase 8 
and caspase 3 protein levels and promoting granulosa cell 
apoptosis [21]. Multiple miRNAs showed significantly 
different expression in ovarian tissues in a chemother-
apy-induced mouse model of premature ovarian failure, 
including miR-29a, miR-144, miR-27b, and miR-190 [22]. 
Specifically, miR-29a and miR-144 were significantly 
down-regulated and can target phospholipase A2, group 
IV A, cytosolic, calcium-dependent (PLA2G4A) to regu-
late progestogen synthesis; miR-27b and miR-190 were 
significantly up-regulated and can target PAPPA and 
CCL2 to affect the sensitivity of mouse follicles to steroid 
hormones. Findings by Dang et al. (2018) suggested that 
miR-379-5p was significantly up-regulated in GCs from 
patients with biochemical POI; miR-379-5p decreased 
the DNA-repair efficiency in GCs and suppressed gran-
ulosa cell proliferation by targeting PARP1 and XRCC6, 
indicating that miR-379-5p can regulate granulosa 
cell function and the occurrence of POI via epigenetic 
inheritance [23]. In addition, the results of another study 
demonstrated that miR-22-3p was significantly down-
regulated in the serum of patients with premature ovar-
ian failure and that it correlated negatively with serum 
follicle-stimulating hormone (FSH) levels; logistic-regres-
sion analysis revealed that miR-22-3p protected against 
premature ovarian failure; bioinformatics analysis sug-
gested miR-22-3p target genes might be associated with 
apoptosis, autophagy, and tumourigenesis [24].

This study revealed that miR-338-3p expression was 
significantly higher in GCs derived from patients with 
DOR than in GCs derived from patients with normal 
ovarian function, which verified the high miR-338-3p-
expression levels observed in ovarian cortical tissues 
derived from patients with POI. FISH analysis showed 
that miR-338-3p was expressed in the cytoplasm of pri-
mary human granulosa cells, mouse granulosa cells, and 
oocytes. Our results also suggested that miR-338-3p 

overexpression significantly suppressed the proliferation 
of granulosa cells, whereas miR-338-3p down-regulation 
significantly promoted cell proliferation. Previous studies 
have shown that overexpression of miR-338-3p in ovar-
ian cancer can inhibit the growth of tumor tissue, pro-
mote apoptosis of ovarian cancer cells, and enhance the 
sensitivity of cancer cells to chemotherapy drugs [25]. 
The apoptosis of granulosa cells is correlated with the 
occurrence of DOR [26]. According to the above content, 
the result suggests that miR-338-3p may inhibit cell pro-
liferation through high-level expression in DOR patients, 
leading to the occurrence of related diseases.

Some data have also suggested that miRNAs are corre-
lated with polycystic ovary syndrome (PCOS) to a certain 
extent. Sørensen et al. (2016) found that the expression 
levels of miR-24-3p, miR-29a, miR-151-3p, and miR-
574-3p in follicular fluid supernatants were significantly 
lower in patients with PCOS than in those from healthy 
controls and that miR-518f-3p expression was higher in 
follicular fluids from patients with classic hyperandro-
genaemia than in those from patients without hyperan-
drogenaemia [27]. Approximately 50-70% of patients 
with PCOS are insulin resistant: some data showed that 
miR-193b, miR-194, and miR-122 were significantly up-
regulated in patients with PCOS patients and impaired 
glucose tolerance, and functional analysis of the target 
genes suggested that these miRNAs might help regulate 
glycolipid metabolism and follicular development [28]. 
Another study revealed that miR-93, miR-133, and miR-
223 were significantly up-regulated in adipose tissues 
from patients with PCOS and insulin resistance; miR-93 
can down-regulate GLUT4 mRNA expression in adipose 
tissue and is significantly correlated with insulin resis-
tance and glucose tolerance [29]. The results of a study 
by Cai et al. suggested that miR-145 was down-regu-
lated in GCs from patients with PCOS and could sup-
press the mitogen-activated protein kinase/extracellular 
signal-regulated kinase signalling pathway by targeting 
insulin receptor substrate 1, thereby affecting granulosa 
cell proliferation [30]. In addition, patients with PCOS 
are more likely to develop ovarian hyperstimulation syn-
drome (OHSS) during ovulation induction due to the 
large number of early-stage small follicles in their ova-
ries. Zhao et al. found that miR-16 expression was sig-
nificantly lower in the serum of patients with PCOS and 
severe OHSS than in the serum of control subjects with 
mild or no OHSS; further studies demonstrated that miR-
16 might help regulate vascular endothelial growth factor 
synthesis and the Akt/mTOR signalling pathway; further-
more, receiver operating characteristic curve analysis 
suggested that the serum miR-16 level has a higher pre-
dictive value for OHSS than the Body Mass Index, serum 
luteinizing hormone (LH) level, and LH/FSH ratio [31].
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Each ovarian follicle represents the basic functional 
unit of the ovary, and GCs play essential roles in follicu-
lar development: the proliferation and secretory activi-
ties of GCs directly affect the growth, development, and 
atresia of ovarian follicles. In this study, we first collected 
primary GCs from follicular fluid derived from patients 
with DOR and performed RT-qPCR analysis. The results 
suggested that miR-338-3p was expressed at signifi-
cantly higher levels in GCs derived from patients with 
DOR than in those derived from patients with normal 
ovarian function. We then performed cell transfections 
with miR-338-3p mimics/inhibitors to manipulate miR-
338-3p expression in GCs and found that miR-338-3p 
overexpression significantly suppressed oestradiol pro-
duction by GCs and that miR-338-3p down-regulation 
was accompanied by significantly stronger oestradiol 
production capacity, suggesting that elevated miR-338-3p 
expression may help explain the low oestrogen levels in 
patients with DOR. Aromatase and oestradiol activities 
are crucial for the development of pre-sinus follicles into 
mature follicles: oestradiol can promote granulosa cell 
proliferation and exert positive feedback on follicular 
development [32]. Hence, we speculate that miR-338-3p 
up-regulation in GCs might lead to abnormal ovarian 
reserves and abnormal follicular development in patients 
with DOR, but further studies are required to explore 
these potential biological mechanisms.

Previous results showed that tissue-specific knock-
out of Dicer (a key enzyme for miRNA biosynthesis) in 
mouse varies was followed by abnormal levels of key 
proteins important for follicular development (including 
bone morphogenetic protein 15 and growth differentia-
tion factor 9), accelerated recruitment of primordial fol-
licles, and abnormal morphology and development of 
early-stage follicles [33]. TGF-β functions via autocrine 
or paracrine signalling and plays essential roles in regu-
lating early follicular development [34], granulosa cell 
proliferation and differentiation, hormonal production, 
and theca cell function [35]. Previous findings suggested 
that some miRNAs influence in mouse follicular develop-
ment by regulating the TGF-β1-Smad signalling pathway 
[36, 37]. Smad3-knockout GCs underwent apoptosis, 
leading to slower follicular development and increased 
follicular atresia and DOR [38]. The results of a study 
by Persani et al. suggested that mutations in members 
of the TGF-β gene family are important genetic factors 
for the occurrence of POI [39]. Hence, we speculate that 
miR-338-3p might also regulate follicular development 
and the ovarian reserve via the TGF-β signalling path-
way. Previous data confirmed that TGF-β1 can facilitate 
granulosa cell proliferation and follicular maturation 
[40]. TGF-β1 can also improve the sensitivity of GCs 
to low doses of FSH [41]. Most patients with female 
reproductive disorders experience varying degrees of 

menstrual-cycle irregularities and decreases in the egg 
quality, and abnormalities in the menstrual cycles are 
one of the diagnostic criteria for POI, i.e. oligomenorrhea 
or amenorrhea for at least 4 months. Patients with POI 
that receive ART treatment experience an increased inci-
dence of ovarian hyporesponsiveness and cycle cancella-
tion, an insufficient quantity of harvested eggs, poor egg 
quality, and a reduced clinical pregnancy rate after trans-
plantation. Abnormal menstruation caused by abnormal 
ovulation in patients with PCOS is manifested by irregu-
lar menstrual cycles, polymenorrhoea, oligomenorrhea, 
or amenorrhea, and pharmacological interventions are 
usually required to regulate irregular menstrual cycles. In 
addition, other findings have suggested that patients with 
PCOS and obesity usually experience impaired oocyte 
maturation, quality, and development potential to vary-
ing degrees during ART treatment [42].

In this study, we also explored the regulatory effect 
of TGFβ1 (which plays a major role in early follicular 
development) on miR-338-3p. The results suggested 
that TGF-β1 significantly down-regulated miR-338-3p 
expression in GCs and consequently promoted granu-
losa cell proliferation. We also performed in vitro culture 
and HE staining of neonatal mouse ovaries, and found 
that miR-338-3p affected the entire process of early fol-
licular development and slowed down the primordial-to-
primary follicle transition and the primary-to-secondary 
follicle transition. We then injected adeno associated 
virus vectors that drive miR-338-3p overexpression into 
the mouse ovarian bursae to further study the effect of 
miR-338-3p in vivo. We found that miR-338-3p overex-
pression caused a decrease in the number of follicles at 
all levels in mouse ovaries, and a decrease in the oocyte 
mitochondrial-membrane potential. The mice in the 
miR-338-3p-overexpression group experienced a sig-
nificantly prolonged duration of anoestrus and irregular 
oestrous cycles. These results suggest that miR-338-3p 
overexpression can suppress the normal oestrous cycles 
in mice, leading to decreased fertility in mice.

However, our study also has some limitations. For 
example, the sample size of in vivo experiments by inject-
ing adeno associated virus vectors in mouse is too small. 
If the sample size is conditionally expanded, the reliabil-
ity of the results may be higher.

In this study, we chose primary human GCs and mice 
as the study subjects to examine the effect of miR-
338-3p on granulosa cell function and ovarian follicu-
lar development. Our results revealed that miR-338-3p 
was highly expressed in ovarian cortical tissues derived 
from patients with POI and GCs derived from patients 
with DOR. Overexpression of miR-338-3p significantly 
suppressed the proliferation and oestrogen production 
of GCs and affected the early follicular development in 
neonatal mouse ovaries cultured in vitro. Finally, our in 
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vivo experiments showed that miR-338-3p overexpres-
sion lowered the quality of mouse oocytes and disrupted 
mouse oestrous cycles.

Summary
Previous studies have shown that microRNAs (miRNAs) 
play an important role in regulating ovarian function 
and embryonic development. In view of this, this study 
intends to further explore the mechanism of miRNA par-
ticipating in the regulation of ovarian follicle develop-
ment through in vivo and in vitro experiments. The level 
of miR-338-3p was significantly increased in GCs from 
patients with ovarian insufficiency. At the same time, the 
increase of miR-338-3p could inhibit the proliferation 
and hormone secretion of granulosa cells, slow down the 
development of early mouse follicles, and thus affect the 
occurrence of DOR. In addition, TGF-β1 can inhibit the 
expression of miR-338-3p in primary granulosa cells, and 
promote granulosa cell proliferation and follicular matu-
ration by down regulating the expression of miR-338-3p 
in granulosa cells.
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