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Abstract
Background: Bone morphogenetic protein 15 (BMP15) is an oocyte secretory factor expressed mainly 
in mammalian oocytes and exerts biological functions through binding to specific receptors on the 
granulosa/sheath cell membrane. BMP15 regulates the development and proliferation of granulosa cells 
(GCs) and inhibits follicle stimulating hormone (FSH)-dependent cell differentiation and proliferation. 
In this report, the regulatory mechanism of BMP15 on yak ovary granulosa cell proliferation and 
hormone secretion was examined. Methods: An iodine progesterone radio-immunoassay was used to 
detect the secretion of progesterone (P4) in yak granulosa cells. FSH receptor (FSHR) binding miRNAs 
were predicted by bioinformatics analysis. The expression of FSHR mRNA and microRNAs was 
measured by qPCR, and the expression of FSHR was detected by western blotting. The proliferation 
of granulosa cells was measured using the CCK-8 kit. Results: We demonstrate for the first time that 
BMP15 downregulates the expression of FSHR and upregulates the expression of microRNA-31 (miR-
31) in yak GCs. Dual luciferase activity results indicate that miR-31 binds directly to the FSHR 3' UTR. 
miR-31 was found to promote the proliferation of yak GCs and inhibit the secretion of P4 by inhibiting 
the expression of the FSHR in yak GCs. Conclusions: The BMP15/miR-31/FSHR axis identified in this 
study is a new mechanism for regulating yak GC function.

Introduction
Yaks live mainly in cool climates above 3,000 

meters sea level in the Qinghai-Tibet Plateau of 
China and have adapted to both cold temperatures 
and high altitudes. Yaks are labor-intensive 
animals, and are particularly important for the 
economic, cultural and social development of 
Tibet. Yaks have low fertility and thus it is very 
important to explore the mechanism of follicular 
development. The follicle stimulating hormone 
(FSH) is a glycoprotein gonadotropin synthesized 
and secreted by basophilic cells of the anterior 
pituitary of animals[1,2]. FSH is a heteromer 
composed of two non-covalently linked subunits, 
the alpha and beta subunits, and plays an important 
role in the hypothalamic pituitary gonadal 
axis[3,4]. In female animals, FSH promotes the 
differentiation of follicle intima cells, proliferation 
of granulosa cells (GCs) and secretion of follicular 
fluid [5,6].

The FSH receptor (FSHR) is located on the 
surface of GCs and Sertoli cells [7,8]. In ovaries, 
FSHR plays key roles in regulating proliferation, 
differentiation, apoptosis and hormone synthesis 
of GCs [9-11]. Furthermore, FSH combines with 

FSHR to regulate ovarian follicle growth, GC 
proliferation, estrogen and progesterone synthesis 
and secretion [12]. In addition, there is a large body 
of evidence showing that oocytes secrete factors 
that modulate FSH activity [13,14]. Oocytes secrete 
factors that inhibit FSH-induced expression of 
progesterone (P4) [15] and estradiol (E2) production 
[16]. Growth and differentiation factor-9 (GDF-9) is 
an oocyte factor involved in regulating these cellular 
proliferative and differentiation responses [17]. There 
is compelling evidence that bone morphogenetic 
protein 15 (BMP15) is closely related to GDF9 and 
shares several expression control mechanisms [18], 
such as promoting the proliferation of GCs in rats, 
downregulating FSH production and inhibiting 
the secretion of P4 [19]. In addition, Otsuka et al. 
showed that BMP15 downregulates FSH activity 
by inhibiting the expression of FSHR, regulating 
rat GCs development and P4 secretion [20]. In 
combination, these observations suggest that 
BMP15 activity is closely linked to FSH and FSHR 
expression in ovarian follicle development in 
mammals. However, the detailed mechanism of how 
BMP15 regulates the expression of FSHR in GCs of 
yaks remains unclear.
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MicroRNAs (miRNAs) are small non-coding RNAs of 20–22 
nucleotides in length that play key roles in the ovary and regulation 
of GC apoptosis [21,22]. Recent studies showed that the androgen 
receptor and miR-126* target the FSHR by inhibiting FSHR expression 
and promoting GC apoptosis [23]. Other studies also showed that 
bone morphogenetic protein receptor type II, as a target of miR-375, 
could regulate proliferation and apoptosis of GCs by affecting BMP15 
expression [24]. However, the relationship between BMP15, miRNAs 
and FSHR in GCs has not been fully elucidated. In this study, we 
identified miR-31 as a miRNA upregulated by BMP15 in yak GCs and 
the candidate regulatory miRNA of FSHR. The aim of this study was to 
explore the molecular mechanism of how BMP15 regulates FSHR and 
P4 secretion through miRNA in yak ovary GCs.

Materials and Methods
Animals

A total of twenty-five female yaks weighing 250–300 kg and 
6–7 years of age were selected from the Livestock farms in Linzhi, 
situated at 2750 m above sea level in Linzhi, Tibet. The animals were 
slaughtered and healthy yak ovaries were obtained. The animals 
were healthy and free from any anatomical reproductive disorders 
and had completed a two-year postpartum period. The yak ovaries 
were harvested and stored in physiological saline at 38°C before 
experimental analysis.

Cell culturing

Yak GCs were isolated from 3–5 mm follicles of fresh yak ovaries. 
GCs and HEK293 cells were cultured in Dulbecco’s Modified Eagle’s 
medium (DMEM, Sigma-Aldrich, St Louis, MO, USA) that contained 
10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA, 
USA), 1% penicillin (Atlanta Biologicals), 100 mg/mL streptomycin 
and 1% (w/v) glutamine (Atlanta Biologicals). GCs and HEK293 cells 
were incubated in 5% CO2 at 37°C. All animal experiments were 
approved by the Animal Ethics Committee at Xizang Agricultural 
and Animal Husbandry College, China.

Plasmids

The coding sequence region of the yak FSHR gene was amplified 
by PCR using forward and reverse primers containing BamH I and 
Xho I sites, respectively. The PCR product was inserted into the pc-
DNA3.1 vector (Invitrogen, Nanjing, China) to create the protein 

overexpression plasmid. To verify whether BMP15 is a target of miR-
31, the FSHR 3' UTR was amplified and inserted into the pmirGLO 
vector (Promega, Shanghai, China) between the Sac I and Xho I 
sites. The vector was then identified by sequencing and the Xho I/
Sac I double restriction enzyme method. Mutant type plasmids were 
constructed using a point mutagenesis kit (TaKaRa, Dalian, China). 
Primer sequences are listed in Table 1.

Cell transfection

Cells were grown to 75–80% confluence in 12-well or 6-well plates 
and then transfected with plasmids, miRNA mimic, mimic inhibitor, 
siRNAs or controls by using the Lipofectamine 2000 reagent 
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s 
instructions. The synthetic miR-31 mimic, negative control, FSHR-
specific siRNAs (F-siRNA-1 and F-siRNA-2) and siRNA-control 
were obtained from Genepharma (Jima, Shanghai, China) (Table 2).

Western blotting

Western blotting was performed as described previously [25]. 
Antibodies against FSHR (ab75200) and GAPDH (ab8245) were 
obtained from Abcam (Cambridge Science Park, UK).

CCK-8 analysis of yak GC proliferation

Cells were seeded at 1.0 × 104 cells/well in a 96-well plate. 
Each well had 100 µL of culture medium. The medium in the wells 
was exchanged with fresh medium when the GCs reached 60% 
confluence and transfection was started subsequently. The plate was 
pre-incubated in an incubator (37 °C, 5% CO2) for 0, 12, 24, 48 and 
72 h. The CCK-8 (TaKaRa, Dalian, China) reagents (10 µL) was then 
added to each well. The plate was incubated for 30 min. The optical 
density in each well was measured at 450 nm using a plate reader 
(Tecan Infinite® 200, Tecan Life Sciences, Männedorf, Switzerland) 
calibrated to a blank well. For each group, the mean value of three 
wells was obtained to determine the proliferation curve.

Bioinformatics analysis

Three online software options were used to predict target 
miRNAs for the FSHR 3' UTR: TargetScan (http://www.targetscan.
org/vert_71/), miRNAMAP (http://mirnamap.mbc.nctu.edu.tw/) 
and miRCode (http://www.mircode.org/). The mature sequences of 
miR-31 were obtained from miRBase (http://www.mirbase.org/).

Table 1. Primers in this study

Name Primer sequences (5'-3') Application

FSHR 3’UTR F:CGAGCTCATCTCCTTCTTTGCCATCTC
R:CCGCTCGAGGGATGTGCCAGGGAGAT 

Vector construct

FSHR CDS Region  F:GGATCCTCAAGATAATATAAACATCCACACA
R:CTCGAGATGAAGTATGTGGAAGTGCTCTGTC

Vector construct

FSHR 3’UTR MT F:GCTGACAGAGCACTTCCACATACTTCATCTAATTT
R:ATATTCTTCAAAGGCAATCATTATCTGTCATTCAA

Mutation Vector construct

FSHR 3’UTR MT F:TGACAGAGCACTTCCACATACTTCATCTAATTTAA
R:GCATATTCTTCAAAGGACCGACTTATCTGTCATTC

Mutation Vector construct

FSHR F:GCTTTTGCAGTTGCCCTCT
R:ATTGAGCACAAGGAGGGACAT

qRT-PCR

PCNA F:TCCGAGGGCTTCGACAC
R:AGGCATCTTTACTACACAGCTATAC

qRT-PCR

GAPDH F:CGGGCGCCTGGTCAC
R:ACTTGCCGTGGGTGGAATC

qRT-PCR

Digestion sites are underlined
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RNA isolation and RT-PCR

Total RNA was extracted from GCs and HEK 293T cells using 
the TRIzol Reagent (Invitrogen) and reverse transcribed using the 
PrimeScriptTM RT Master Mix (TaKaRa). Quantitative real-time 
PCR (RT-PCR) was performed using the SYBR Green Master Mix 
(Vazyme Biotech, Nanjing, China) and the mRNA relative expression 
levels were calculated using the 2–ΔΔCt method. Primer sequences are 
listed in Table 1.

Radioimmunoassay

The GCs medium was changed to serum-free medium when 
measuring progesterone levels. After transfection for 48 h, the cell 
culture medium was collected and the concentration of P4 was 
analyzed using the commercially available Iodine[125I] Progesterone 
Radioimmunoassay Kit (Xinfan Biological Company, Shanghai, 
China), according to the manufacturer’s instructions. Samples are 
expressed as ng/mL. Each group has three replicas.

BMP15 treatment

Yak GCs were seeded in six-well plates at a density of 1 × 106 

cells per well and cultured in medium containing 15% FBS for 24 h. 
The cell culture medium was then replaced with fresh medium that 
contain different concentrations of BMP15. After 0–72 h, cells and 
the cell culture medium were collected, and the secretion of P4, GCs 
proliferation and FSHR expression were examined.

Statistical analysis

Statistical analysis was conducted by SPSS V20.0 (SPSS, Chicago, 
IL, USA). All data are presented as the mean ± SEM (standard 
error of the mean). SEM standard deviation of sample mean was 
a scale describing the dispersion of mean sampling distribution 
and measuring the magnitude of mean sampling error, reflecting 
the variation between sample mean. The range of mean ± SEM as 
an indicator symbol to mark which ones have been removed. Each 
experiment consists of three biological repetitions and repeates 

three times. The control group and treatment group always have 
nine data respectively, the range of mean ± SEM was used to discard 
data, making the data approximate normal distribution. Generally 
speaking, if there are big difference between a set of data, it was 
necessary to do the experiment again so as to ensure the accuracy of 
data. Then the unpaired two-tailed Student’s t-test and ANOVA were 
used to evaluate the statistical significance of the differences and P < 
0.05 was considered statistically significant. 

Results
BMP15 regulates GC proliferation and secretion of P4 and 
expression of FSHR in yak ovarian

BMP15 regulates the development of animal follicles, including 
the promotion of GC proliferation, diffusion of the cumulus 
and regulation of the production of steroid hormones such as 
progesterone in GCs [26-29]. Yak GCs were treated with different 
concentrations of BMP15 to investigate how BMP15 regulates GC 
proliferation and hormone secretion in yak ovaries. The proliferation 
of yak GCs was detected using the CCK-8 kit. The results showed 
that the proliferation of yak GCs increased significantly (5.3 times) 
at 100 ng/mL (Figure 1A). The results are similar to previous studies 
[30,31]. We also explored the effect of BMP15 on proliferation of yak 
GCs at different time points. The results showed that proliferation 
of yak GCs increased from 0–72 h after treatment with BMP15, 
and the difference in proliferation to that of the control sample 
increased as the incubation time increased (Figure 1B). We treated 
GCs with different concentrations of BMP15 and 1 μmol/mL BMP15 
inhibitor-K02288 (ALK6; 1 μmol/mL, which is the most suitable 
concentration of K02288) for 48 h to further explore the regulatory 
effect of BMP15 on the secretion of P4 in yak GCs. There was no 
significant difference between the control group and the BMP15 
treated sample from 0 to 50 ng/mL (Figure 1C). P4 synthesis was 
inhibited 1.5-fold when the concentration of BMP15 was 100 ng/mL. 
Treatment at 100 ng/mL caused significant (i.e., 5-fold) inhibition of 
P4 synthesis in GCs. The inhibitory effect of BMP15 on the secretion 

Name Sequences (5'-3')

miR-31 mimics  AGGCAAGAUGCUGGCAUAGCU

miR-23a mimics GGGGUUCCUGGGGAUGGGAUUU

miR-23b mimics UGGGUUCCUGGCAUGCUGAUUU
miR-144 mimics GGAUAUCAUCAUAUACUGUAAG
miR-203 mimics  AGUGGUUCUUGACAGUUCAACA
miR-33a mimics  GUGCAUUGUAGUUGCAUUGCA
miR-33b mimics  GUGCAUUGCUGUUGCAUUGC
miR-512-5p mimics  CACUCAGCCUUGAGGGCACUUUC
miR-92a mimics  UAUUGCACUUGUCCCGGCCUGU
miR-363 mimics AUUGCACGGUAUCCAUCUGCG
mimics NC  UUGUUCAAACAAUAAGUAGUC
mimics inhibitor  CUGCCUUGACGAUUUCGUUUU
Inhibitor NC  CUTACCUTGACGGCAUTGGCAT

siRNA-1  CCUAUACUCGAUAAAGUUUTT
AAGCUUUGUGGUGUAUAGGTT

siRNA-2  GGCCAUUUGGAUAUAAUUUTT
AAACAUUGGAAUUCUGUGCTT

siRNA Control  GCGACGAUCUGCCUAAGAUdTdT
AUCUUAGGCAGAUCGUCGCdTdT

Table 2. Small fragments of RNA synthesized in the present study
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of P4 by yak GCs was removed following treatment of the yak GCs 
with the BMP15 signaling pathway inhibitor K02288 (Figure 1C). 
Moreover, BMP15 was found to have the same inhibitory effect on 
FSHR (Figure 1D). These observations suggest that BMP15 may 
regulate the proliferation of GCs, and P4 synthesis secretion through 
FSHR.

Knockdown of FSHR promotes GC proliferation in yak ovarian

Previous studies have shown that the mRNA levels of FSHR are 
dependent on the size of ovarian GCs [32]. Thus, we hypothesized that 
yak ovarian GC proliferation is due to differences in the expression 
level of FSHR because of BMP15 regulation. Two FSHR-specific small 
interfering RNAs (siRNAs) were designed (named F-siRNA-1 and 
F-siRNA-2) and transfected into yak GCs to test the role of FSHR 
in yak GC proliferation. We found that F-siRNA-1 dramatically 
decreased the expression of FSHR at both the mRNA and protein 
levels (Figures 2A and 2B). Additionally, yak GC proliferation and 
PCNA mRNA expression were induced significantly following FSHR 
knockdown (Figures 2C and 2D).

Figure 1. BMP15 regulates GC proliferation, secretion of P4 and 
expression of FSHR in yak ovaries. (A) Yak GC proliferation levels 
transfected with different concentrations of BMP15. (B) The pro-
liferation curve of yak GCs. (C) Effect of different concentrations 
of BMP15 and 1 μM KO2288 on the secretion of P4. (D) Effect of 

BMP15 (100 ng/mL) and KO2288 (1 μM) on the expression of FSHR. 
All experiments were performed in triplicate and the data presented 

represent the mean ± SEM. *P < 0.05; **P < 0.01.

Overexpression of FSHR inhibits proliferation of GCs in yak 
ovarian

pcDNA3.1-FSHR was transfected into yak GCs to further 
investigate the role of FSHR in yak GC proliferation. We found that 
pcDNA3.1-FSHR dramatically increased the expression of FSHR at 
both the mRNA and protein levels (Figures 3A and 3B). Moreover, 
using the CCK-8 kit revealed that overexpression of FSHR reduced 
the proliferation rate of yak GCs (Figure 3C), and the expression 
of PCNA mRNA was dramatically reduced (Figure 3D). These 
aforementioned observations demonstrate that FSHR regulates the 
proliferation of yak GCs, which is regulated by BMP15.

Figure 2. Knockdown of FSHR promotes proliferation of yak GCs. 
Knockdown of FSHR decreases its mRNA (A) and protein (B) levels. 

Knockdown of FSHR promotes proliferation of yak GCs (C) and 
PCNA mRNA (D) expression. All experiments were performed in trip-
licate and the data presented represent the mean ± SEM. **P < 0.01. 

FSHR is a direct target of miR-31

Recent studies have shown that miRNAs, as an epigenetic 
regulator, have a regulatory effect on ovarian development, follicle 
growth and ovarian GC development. We postulated that BMP15 
may affect FSHR by regulating the expression of miRNAs, which 
would, in turn, regulate the proliferation of GCs and secretion of 
P4 by yak GCs. To explore this hypothesis, we identified miRNAs 
that target FSHR and are regulated by BMP15 in yak GCs (Figure 
4A). A total of 10 candidate miRNAs were predicted to target FSHR 
(Figure 4B). After treatment of GCs with 100 ng/mL BMP15, the 
expression level of the 10 miRNAs were detected, and miR-31 was 
significantly upregulated (Figure 4C). Therefore, we focused on miR-
31 in our subsequent analyses. Sequence alignment revealed that 
vertebrate miR-31 genes share a common seed sequence (Figure 4D). 
This seed sequence is complementary to sequences present in the 3' 
UTRs of FSHR in bovine, human, pig and chimpanzees (Figure 4E). 
We constructed luciferase reporters of the yak FSHR 3' UTR that 
contained the putative miR-31 target sites and mutant forms of the 
target sites to determine whether the FSHR is a true target of miR-31 
(Figure 4F). The results of the luciferase assays showed that the wild-
type vector was reduced markedly upon co-transfection with miR-31 
mimic, but no change was observed for the mutant reporter (Figure 
4G). These results demonstrate that FSHR is a direct target of miR-31. 

miR-31 regulates the expression of FSHR

The expression level of FSHR was detected by qPCR and 
western blotting analysis after transforming cells with the miR-31 
mimic and miR-31 inhibitor to further determine whether miR-31 
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Figure 3. Overexpression FSHR inhibits proliferation of yak GCs. 
Overexpression of FSHR increases its mRNA (A) and protein (B) 

levels. Overexpression of FSHR inhibits proliferation of yak GCs (C) 
and PCNA mRNA (D) expression. All experiments were performed 

in triplicate and the data presented represent the mean ± SEM. *P < 
0.05; **P < 0.01.

Figure 4. FSHR is a target of miR-31, which is regulated by BMP15. 
(A) A schematic diagram of the strategy used to identify miRNAs tar-
geting FSHR and regulated by BMP15. (B) miRNAs targeting FSHR 
were predicted by three different algorithms. (C) BMP15 promotes 
miR-31 expression in yak GCs. miR-31 levels were examined by qRT-
PCR and U6 was used as the control. (D) Alignment of sequences of 
mature miR-31 from six vertebrates. Letters in red indicate the seed se-
quence. (E) Comparison of miR-31 seed regions and the FSHR 3' UTRs 
from bovine, pig, human and chimpanzee. Asterisks indicate comple-
mentarity. (F) miR-31 binding sites in wild-type and mutant constructs. 
A putative miR-31 binding site pair with the miR-31 seed region (red 
letters); mutated binding sites are shown in blue. (G) Luciferase activ-
ity assays. pmirGLO-FSHR-3'-UTR wild-type and pmirGLO-FSHR-3'-
UTR mutant were co-transfected into 293T cells along with miR-31 and 
the NC mimic. All data are presented as the mean ± SEM, (n = 3). *P 
< 0.05; **P < 0.01. 

regulates endogenous FSHR expression. The results showed that the 
FSHR mRNA and protein levels decreased significantly in yak GCs 
after transfection with the miR-31 mimic (Figures 5A and 5B) and 
increased significantly in yak GCs after transfection with the miR-
31 inhibitor (Figures 5C and 5D), revealing that miR-31 can directly 
target FSHR and regulate FSHR expression in yak GCs.

miR-31 induces cell proliferation in yak GCs by targeting FSHR

We transfected miR-31 mimic into the yak GCs to explore how 
miR-31 regulates proliferation of yak GCs. The results from a CCK-8 
experiment showed that overexpression of miR-31 in yak GCs induce 
cell proliferation (Figure 6A). qR

T-PCR showed that PCNA mRNA levels were remarkably 
increased (Figure 6B). These data suggest that miR-31 is a regulator 
of GC proliferation. We then co-transfected miR-31 mimic and 
pcDNA3.1-FSHR into yak GCs to further determine whether 
miR-31 regulates GC proliferation by targeting FSHR. The results 
showed that overexpression of FSHR rescues miR-31-induced GC 
proliferation (Figure 6C), and PCNA mRNA levels also decreased 
(Figure 6D). These results demonstrate that miR-31 regulates yak GC 
proliferation by targeting FSHR.

miR-31 regulates GCs proliferation and P4 secretion by 
targeting FSHR, which is regulated by BMP15  

The mechanism of BMP15 regulation of yak GC proliferation 
and P4 inhibition was examined. We first treated yak GCs with 
100 ng/mL BMP15. The secretion of P4 in the culture medium of 
yak GCs was reduced significantly when compared with that of the 
control group (Figure 7A), and the mRNA (Figure 7B) and protein 
(Figure 7C) expression levels of FSHR were significantly inhibited. In 
addition, co-overexpression of miR-31 and BMP15 in yak GCs caused 
a further two-fold reduction in secretion of P4 and FSHR expression 
(Figure 7). Moreover, treatment with the BMP15 inhibitor K02288 
alleviated the inhibition of GC proliferation and P4 secretion. This 
observation suggests that BMP15 may directly affect FSHR and 
inhibit its expression. Our results herein have shown that miR-31 
targets the FSHR. Thus, we used BMP15 and the miR-31 inhibitor to 
treat yak GCs simultaneously. The results showed that the inhibitory 
effect of BMP15 and miR-31 inhibitor on the secretion of P4 and 
the expression of FSHR were reduced significantly (Fig. 7) when 
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Figure 5. miR-31 repression of FSHR in yak GCs. Overexpression of 
miR-31 decreases FSHR mRNA (A) and protein (B) levels. miR-31 or 
NC mimic were transfected into cultured yak GCs. FSHR mRNA and 
protein levels were detected and normalized to GAPDH. Inhibition of 

miR-31 increases FSHR mRNA (C) and protein (D) levels. All data 
presented represent the mean ± SEM, (n = 3). *P < 0.05; **P < 0.01. 

compared with the results of BMP15 treatment only, revealing that 
miR-31 regulates GC proliferation and secretion of P4 via reducing 
FSHR expression, which is regulated by BMP15.

Discussion
Follicle stimulating hormone is essential for normal follicle 

formation and female reproduction [33]. However, FSH is a biological 
macromolecule and cannot readily cross the cell membrane [34]. 
Thus, entry into a cell must be mediated by FSHR, which is specifically 
expressed on the membrane of GCs found in the ovary [34]. The level 
of FSH in cells is also regulated by FSHR expression and activity levels 
[35]. FSHR is a member of the G protein coupled receptor family 
and mediates FSH signal transduction through the cAMP pathway 
[36]. Studies have shown that FSHR mRNA is expressed in GCs and 
oocytes from ovaries [37]. Moreover, the expression of FSHR mRNA 
in the different follicle and GC development stages varies significantly 
because of the different degrees of dependence on FSH [32,38]. Thus, 
in the process of mammalian ovarian follicle development the 
stimulation of FSH toward GCs needs to be combined with FSHR, and 
the amount of FSHR expressed on the surface of cells regulates the 
response of cells toward FSH. In addition, there is strong evidence that 
regulatory factors secreted by oocytes can affect the activity of FSH 
and FSHR [13,39]. In recent years, an oocyte growth factor BMP15, 
which is involved in the regulation of FSH, has attracted significant 

Figure 6. miR-31 promotes the proliferation of yak GCs by targeting 
FSHR. Overexpression of miR-31 affected the proliferation of yak 

GCs (A) and PCNA mRNA (B) expression. Co-overexpression of miR-
31 and FSHR affected the proliferation of yak GCs (C) and PCNA 

mRNA (D) expression. All data presented represent the mean ± SEM, 
(n = 3). *P < 0.05; **P < 0.01. 

Figure 7. The effect of BMP15 and miR-31 on FSHR and secretion of 
P4 in yak GCs. (A) Effect of BMP15 and miR-31 on the secretion of 

P4 in yak GCs. (B) Effect of BMP15 and miR-31 on FSHR mRNA (B) 
and protein (C) levels in yak GCs. (D) Signal path diagram. All data 
presented represent the mean ± SEM, (n = 3). *P < 0.05; **P < 0.01.
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attention. In a study examining the ovulation rate of sheep, BMP15 
was identified to play a role in promoting cell proliferation and 
differentiation of follicle cells [40]. BMP15 was identified as a negative 
regulator of rat ovary FSH. Otsuka and colleagues demonstrated that 
BMP15 downregulates FSH by inhibiting the expression of FSHR, 
promotes the proliferation of GC in rats and downregulates FSH-
induced secretion of P4 [27,41]. Similarly, our results clearly indicated 
that BMP15 completely inhibited the activities of FSHR in yak GCs. 
The expression of FSHR mRNA was inhibited significantly when yak 
GCs were treated with BMP15. In addition, when the BMP15 signal 
pathway was suppressed by treatment with ALK6, the expression of 
FSHR mRNA was promoted significantly. Moreover, after knocking-
down FSHR, the proliferation of yak GCs and PCNA mRNA 
expression were promoted significantly, and overexpression of FSHR 
resulted in the opposite effects. We hypothesize that BMP15 promotes 
the proliferation of yak GCs by inhibiting the expression of FSHR. 
Moreover, we measured the secretion of P4 by yak GCs and observed 
that a 100 ng/mL treatment with BMP15 caused significant reduction 
of P4 secretion by this cell type. There is also substantial evidence 
showing that many regulatory factors inhibit GC luteinization during 
oocyte development [42]. This indicates that BMP15 determines the 
effect of FSH in GCs by inhibiting FSHR expression.

The development of GCs and secretion of hormones are regulated 
by many factors. In recent years, it was reported that miRNA may 
play an important role in regulating GC proliferation, apoptosis 
and the secretion of gonadal hormones [22,43,44]. Yao et al. treated 
GCs for 12 h with FSH, and showed the upregulation of 17 miRNAs 
and the downregulation of 14 miRNAs, which led to an increase in 
progesterone secretion [45]. Sirotkin et al. used gene chip technology 
(genome-scale) to identify 51 miRNAs, including miR-31, that 
inhibit the secretion of progesterone, androgen and estrogen [46]. 
In this study, we found that miR-31 reduced FSHR expression and 
promoted the proliferation of yak GCs by directly combining with 
the 3' UTR of FSHR. We evaluated the function of the BMP15/miR31 
axis and FSHR in regulating GC proliferation and secretion of P4. 
We first treated yak GCs with 100 ng/mL BMP15. Compared with 
the transfected control cells, the level of P4 in the culture medium 
of yak GCs treated with BMP15 was clearly reduced, and the mRNA 
and protein expression levels of FSHR were reduced significantly. In 
addition, simultaneous treatment of yak GCs with miR-31 and 100 
ng/mL BMP15 caused a further reduction of P4 secretion and FSHR 
inhibition was enhanced by two-fold. Transfection with the BMP15 
inhibitor K02288 removed the inhibitory effect of BMP15 and FSHR 
activity was promoted. We also observed that the inhibitory effects 
on the secretion of P4 and the expression of FSHR by BMP15 and 
the miR-31 inhibitor were significantly reduced when compared with 
that of the BMP15-treated GCs.

Conclusion
This study found that BMP15 could mediate FSHR regulated by 

miR-31 to regulate the proliferation of yak GCs and P4 secretion.
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