
Cell Physiol Biochem 2018;46:213-225
DOI: 10.1159/000488424
Published online: March 26, 2018 213

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Liu et al.: BMP15/GDF9 Regulate Smad1/5/8 and Smad2/3 Signaling through MiR-375-
BMPR2

Original Paper

Accepted: January 16, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000488424
Published online: March 26, 2018

© 2018 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

Effects of MiR-375-BMPR2 as a Key 
Factor Downstream of BMP15/GDF9 on 
the Smad1/5/8 and Smad2/3 Signaling 
Pathways
Chang Liua   Bao Yuana   Hongyan Chena   Mingqiang Xua   Xulei Suna,b

JiaJun Xua,b   Yan Gaoa   Chengzhen Chena   Hao Jianga   Jiabao Zhanga

aCollege of Animal Sciences, Jilin University, Changchun, bShenyang Jiuzhou Family Hospital, Shenyang, 
P.R. China

Key Words
BMP15/GDF9 • miRNA-375 • BMPR2 • Movine cumulus cells • Smad

Abstract
Background/Aims: Bone morphogenetic protein 15 (BMP15) and growth differentiation 
factor 9 (GDF9), which are secreted by oocytes, are important regulators of follicular growth 
and development and ovarian function. These two factors can regulate the proliferation and 
apoptosis of cumulus cells via modulation of the Smad signaling pathway. Studies have shown 
that BMP15 and GDF9 can affect the level of miR-375, whereas the target gene of miR-375 
is BMPR2, the type II receptor of BMP15 and GDF9. However, whether or how the BMP15/
GDF9-miR-375-BMPR2 pathway affects the proliferation and apoptosis of bovine cumulus 
cells through regulation of the Smad signaling pathway remains unclear. Methods: In this 
study, cumulus cells were first obtained from cumulus-oocyte complexes (COCs). Appropriate 
concentrations of BMP15 and GDF9 were added during the in vitro culture process. Cell 
Counting Kit-8 (CCK-8) analyses and flow cytometry were used to determine the effects of 
BMP15/GDF9 on bovine cumulus cells proliferation and apoptosis. Subsequently, miR-375 
mimics, miR-375 inhibitor and BMPR2 siRNA were synthesized and used for transfection 
experiments. Western Blot analysis was used to detect changes before and after transfection 
in the expression levels of the BMP15/GDF9 type I receptors ALK4, ALK5 and ALK6; the 
phosphorylation levels of Smad2/3 and Smad1/5/8, which are key signaling pathway proteins 
downstream of BMP15/GDF9; the expression levels of PTX3, HAS2 and PTGS2, which are 
key genes involved in cumulus cells proliferation; and Bcl2/Bax, which are genes involved in 
apoptosis. Results: The addition of 100 ng/mL BMP15 or 200 ng/mL GDF9 or the combined 
addition of 50 ng/mL BMP15 and 100 ng/mL GDF9 effectively inhibited bovine cumulus 
cell apoptosis and promoted cell proliferation. BMP15/GDF9 negatively regulated miR-375 
expression and positively regulated BMPR2 expression. High levels of miR-375 and inhibition 
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of BMPR2 resulted in increased expression of ALK4 and decreased expression of PTX3, HAS2 
and PTGS2, whereas miR-375 inhibition resulted in the opposite results. BMP15 and GDF9 
significantly activated the levels of p-Smad2/3 and p-Smad1/5/8, whereas miR-375 inhibited 
the levels of p-Smad2/3 and p-Smad1/5/8 by negatively regulating BMPR2 and also led to 
apoptosis. Conclusion: BMP15 and GDF9 have synergistic effects and can act through miR-
375 to affect the expression levels of type I receptor ALK4 and type II receptor BMPR2 and the 
activation of Smad signaling pathway, which subsequently affected the proliferation, spread 
and apoptosis of cumulus cells.

Introduction

Follicles are the basic developmental units in the mammalian ovaries and essentially 
consist of oocytes and granulosa cells. Granulosa cells can be divided into mural granulosa 
cells and cumulus cells. Granulosa cells play a decisive role in the development of follicles, 
and as a type of granulosa cell, cumulus cell proliferation and apoptosis play vital roles in 
follicular development and oocyte maturation.

Bone morphogenetic protein 15 (BMP15 or GDF9B) and growth differentiation factor-9 
(GDF9) are both members of the transforming growth factor (TGF)-β superfamily and 
have similar structures, expression patterns and function and are important regulators 
of follicular growth and development and ovarian function. BMP15 and GDF9 secreted by 
oocytes via autocrine and paracrine mechanisms can interact directly (i.e., the formation of 
heterodimers) or functionally (i.e., playing redundant or antagonistic roles) to regulate local 
ovarian cell differentiation and the follicle microenvironment, and these proteins promote 
granulosa cell proliferation and prevent differentiation. Thus, BMP15 and GDF9 play vital 
roles in follicular development, atresia, ovulation, fertilized egg formation and reproductive 
maintenance [1-4].

BMP15 can regulate the secretion of some ovarian regulatory factors and the expression 
of receptors (such as follistatin, KIT ligand, and FSH receptor), thereby promoting the early 
growth of follicles, controlling the number of dominant follicles before follicle ovulation, and 
serving as a determinant factor of ovulation quantity and quality. BMP15 can significantly 
inhibit cumulus cell apoptosis and promote their proliferation by inducing the expression 
of hyaluronidase 2 (HAS2), pentraxin 3 (PTX3) and prostaglandin synthase 2 (PTGS2) to 
optimize the oocyte microenvironment and drive oocyte maturation and ovulation [5-8]. 
GDF9 also has a similar function to that of BMP15 and can inhibit the expression of the LH/
CG receptor (LHCGR) and KIT ligand in cumulus cells, inducing the expression of cumulus 
cell proliferation-related genes and promoting oocyte maturation and ovulation [9-11].

The reproductive properties of mammals are closely related to BMPs, BMP receptors and 
Smads, signaling pathway components downstream of the BMP/Smad signaling pathway. In 
particular, the BMP/Smad signaling pathway plays an irreplaceable role in the regulation of 
follicular growth and development and granulosa cell growth and differentiation. BMP15 
and GDF9 can regulate Smad phosphorylation by binding to activin receptor-like kinase 
(ALK) family members and then regulating gene transcription by recruiting transcription 
factors [12], whereas Smad2/3 and Smad1/5/8 are key factors for the intracellular signal 
transduction of the TGF-β superfamily of growth factors [13]. The BMP15 and GDF9 signals 
activate downstream Smad transcription factors via specific complexes formed by binding to 
type I and type II receptors. The expression of BMP15 type I receptor ALK6 and GDF9 type 
I receptor ALK5 can be detected in rodent granulosa cells and oocytes; the common type II 
receptor BMPR2 can also be detected [14], and ALK4 may be the receptor for GDF9 [15]. 
BMPR2 is essential to the transportation of oocyte signals that act paracrine to cumulus cells 
and is the only type II receptor for BMP15 and GDF9 [16].

Studies have also shown that miR-375, as an endogenous non-coding RNA, can be 
used as a proliferation inhibitor and tumor suppressor to inhibit alveolar epithelial cell 
(AEC) differentiation. At present, it is known that multiple mircoRNAs can regulate the 
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expression of the BMPR2 protein, but most previous studies have focused on stem cells or 
mesenchymal stem cells [17-20]. It is worth mentioning that BMPR2 has been identified as 
a direct target gene of miR-375, and inhibition of BMPR2 expression has the same inhibitory 
effect on cell differentiation as does overexpression of miR-375 [21]. Therefore, miR-375 
may have a potential role in regulating BMP15- and GDF9-related pathways. However, the 
specific routes of action and mechanisms are not clear. Our study focused mainly on miR-
375 and explored how BMP15/GDF9 affects the expression of miR-375, thereby acting on 
BMPR2 and regulating cumulus cell proliferation and apoptosis through the Smad2/3 and 
Smad1/5/8 pathways. We hope this study will provide a theoretical basis for the in-depth 
study of follicular development, oocyte maturation and ovarian function.

Materials and Methods

Isolation and culture of cumulus cells
Bovine ovaries were collected from a local halal slaughterhouse and transported to the laboratory in 

0.9% normal saline (37°C). Follicular fluid was obtained from follicles 3 to 8 mm in diameter using a 20-mL 
syringe. Under a stereomicroscope, the tightly wrapped cumulus-oocyte complexes (COCs) were dissected 
and washed 3 times in HEPES (Sigma, St. Louis, MO, USA) buffer. COCs in 0.1% hyaluronidase (Sigma) were 
repeatedly pipetted to separate the cumulus cells from the oocytes, and the naked eggs were removed. The 
remaining cells were collected and resuspended in culture medium containing DMEM/F12 (Gibco, Grand 
Island, NY, USA), 1% penicillin and streptomycin (HyClone, Logan, Utah, USA) and 10% fetal bovine serum 
(Biological Industries, Kibbutz Beit Haemek, Israel) and cultured in a 38.5°C, 5% CO2incubator. Based on 
specific experimental requirements, recombinant human BMP-15/GDF-9B (R&D Systems, Minneapolis, 
MN, USA) and human recombinant GDF9 (Bio Vision, Milpitas, CA, USA) were added when the cells were 
cultured to the appropriate stages.

Apoptosis detection
The following steps were performed according to the manual of the Annexin V-FITC Apoptosis Analysis 

Kit: the cells were washed twice with cold PBS and digested with trypsin without EDTA, after which 
approximately 1×105 cells were collected. The collected cell suspension was centrifuged at 300× g/min for 
10 min, and the buffer was removed from the cell pellet. A total of 100 μL 1× binding buffer was added to 
each EP tube to resuspend the cells, and 5 µL Annexin V-FITC was added to the tube. The tubes were then 
incubated for 10 min at room temperature in the dark. Subsequently, 5 µL propidium iodide (PI) solution 
was added, followed by 5 min of incubation at room temperature. The samples were kept in the dark. The 
samples for testing were combined with 1× binding buffer to a total volume of 200 μL and used for detection 
via flow cytometry (BD Biosciences, San Jose, CA, USA) within 1 h of preparation.

Detection of cell proliferation activity
The procedures were conducted according to the manual of the CCK-8 (Dojindo, Kumamoto, Japan). 

The specific steps are as follows. The cell suspension was inoculated into 96-well-plates (100 μL/well, 
1×104 cells/well). Treatments were applied when the cells grew to approximately 60% confluency. The 
treated plates were preincubated in an incubator for 48 h, and 10 μL CCK-8 solution was then added to each 
well. The plates were incubated for 3 h in an incubator, and the absorbance at 450 nm was determined using 
a microplate reader (BioTek Instruments, Winooski, VT, USA).

Transfection of bovine cumulus cells
RiboFECT™ CP (Guangzhou RiboBio Co.,Ltd., Guangzhou, China) was used as the cell transfection 

reagent. NC-mimics RNA (control for the overexpression group), miR-375 mimics (overexpression group), 
NC-inhibitor RNA (control for the inhibition group), miR-375 inhibitor (inhibition group), NC-siRNA and 
BMPR2 siRNA were used for cell transfection. The specific method was as follows: PBS was used to dilute 
RiboFECTTM CP buffer to 1× . A total of 1 × 105 cells were inoculated into 12-well plates containing complete 
medium to ensure that the cell density at the time of transfection was 60%. A total of 60 μL of 1×RiboFECT 
™ CP Buffer was used to dilute 2.5 μL of 20μM siRNA stock solution, and the dilution was mixed gently. 
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The solution was added to 6 μL of RiboFECT CP Reagent, gently mixed and incubated for 10 min at room 
temperature. The mixture of RiboFECT™ CP was added to the cell culture medium and gently mixed, and 
the corresponding concentrations of BMP15 and GDF9 were added to the medium of each group. The plates 
were incubated in a 5% CO2 incubator at 38.5°C until subsequent experiments. The miRNA-375 mimics/
inhibitor and BMPR2 siRNA were designed and synthesized by Shanghai GenePharma Co., Ltd. The specific 
sequences are shown in Table 1.

Protein extraction and Western Blot
More than 1×105 cells were collected and lysed in cell lysis buffer (Beyotime, Hangzhou, China) 

containing 1 mM PMSF for 1 min. At the beginning of cell lysis, the protein phosphatase inhibitor mixture 
was added at a volume ratio of 99:1. After lysis, the mixture was centrifuged at 13, 000 g/min for 5min, and 
the protein-containing supernatant was collected. After the protein concentration was determined using a 
Bradford Protein Assay Kit (Beyotime), the protein sample was mixed with SDS-PAGE protein loading buffer 
(Beyotime) and denatured at 95°C for 8 min. Protein 
samples were separated on a 10% gel by SDS/
PAGE electrophoresis and were then transferred 
to a PVDF membrane (0.22mM, Millipore, MA, 
USA). The membrane was transferred to 5% BSA 
blocking solution and placed on a shaker for 1 
h of blocking. The membrane was then placed in 
a chamber with primary antibodies diluted to 
suitable concentrations with the blocking solution 
and kept on a shaker at 4°C overnight, followed 
by three 5 min washes with 1× TBST at room 
temperature on a shaker. The membrane was 
then incubated with the corresponding secondary 
antibody at room temperature for 1 h followed 
by three 10 min washes with 1× TBST at room 
temperature on a shaker. Finally, a Tanon 5200 
chemiluminescence imaging analyzer (Tanon, 
Shanghai, China) was used for chromogenesis and 
imaging. The antibodies information is shown in 
Table 2. ImageJ software was used for grayscale 
analysis. All the bands displayed in a single picture 
may not have originated from the same western 
blot. However, the target protein and their internal 
reference are from the same experiment.

Statistical analysis
SPSS Statistics 20.0 software (IBM 

Corporation, New York, NY, USA) was used for 
the statistical analyses. All experimental data 
are shown as the average value ± standard error. 
Differences between different groups of data were 
tested by the independent-sample t-test or one-
way ANOVA. P < 0.05 was considered statistically 
significant, and P < 0.01 was considered highly 
significant.

Table 2. Antibodies used for western blot
 
 

Antibody name Company, catalog number 
BMPR2 
ALK4 
ALK5 
ALK6 
ALK7 
Smad2/3 
Phospho-Smad2/3 
Smad1/5/8 
Phospho-Smad1/5/8 
PTGS2 
HAS2 
PTX3 
Bcl2 
Bax 
GAPDH 

CST, #6979 
Abcam, ab109300 
Santa Cruz, sc-398 
Abcam, ab155058 
Abcam, ab71539 
CST, #3102 
CST, #8828 
Abcam, ab66737 
CST, #13820 
CST, #12282 
Abcam, ab131364 
Abcam, ab94649 
Abcam, ab183656 
Abcam, ab32503 
CST, #2118 

 
 

Table 1. Sequences of miRNA-375 mimics/NC, 
miRNA-375 inhibitor/NC, siBMPR2 RNA/NC

 
Name Sequence(5’ to 3’) 

miR-375 mimics 
 
miR-375 mimics NC 
 
miR-375 inhibitor 
miR-375 inhibitor NC 
BMPR2-bos-1703 
 
BMPR2-bos-1703 NC 

sense: UUUGUUCGUUCGGCUCGCGUGA 
antisense: ACGCGAGCCGAACGAACAAAUU 
sense: UUCUCCGAACGUGUCACGUTT 
antisense: ACGUGACACGUUCGGAGAATT 
sense: UCACGCGAGCCGAACGAACAAA 
sense: CAGUACUUUUGUGUAGUACAA 
sense: GCUUGUGAUGGAGUAUUAUTT 
antisense: AUAAUACUCCAUCACAAGCTT 
sense: UUCUCCGAACGUGUCACGUTT 
antisense: ACGUGACACGUUCGGAGAATT 
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Results

Effects of different concentrations of BMP15
and GDF9 on apoptosis and proliferation of
bovine cumulus cells
Flow cytometry and CCK-8 testing showed 

that the proliferation (Fig. 1A) and apoptosis 
(Fig. 1B) of cumulus cells relied on BMP15 
and GDF9 concentrations in a dose-dependent 
manner. Cumulus cell proliferation gradually 
increased and apoptosis gradually decreased 
with increasing BMP15 concentrations up to 
100 ng/mL. At a concentration of 200 ng/mL, 
the cell proliferation ability was greatly reduced, 
and the apoptotic rate increased significantly. 
For GDF9, cumulus cell proliferation increased 
gradually and the apoptosis rate decreased 
gradually with increasing concentrations up to 
200 ng/mL; at a concentration of 300 ng/mL, 
the cell proliferation ability was significantly 
reduced and the apoptosis rate increased 
significantly. The effects of combined BMP15 
and GDF9 treatment on cumulus cell apoptosis 
and proliferation were similar to those 
observed with single-agent treatment. When 
the concentration of BMP15 was 50 ng/mL 
and the concentration of GDF9 was 100 ng/mL, 
the cumulus cell apoptosis rate was the lowest 
and the cell proliferation ability was highest. 
Therefore, we selected the concentrations of 100 
ng/mL BMP15, 200 ng/mL GDF9, and 50 ng/
mL BMP15 + 100 ng/mL GDF9 for subsequent 
studies.

Effects of BMP15 and GDF9 on the expression 
of miR-375 and BMPR2
After supplementation with BMP15, 

GDF9 and BMP15/GDF9, the changes in the 
expression levels of miR-375 and BMPR2 
in cumulus cells were detected as shown in 
Fig. 2. For each type of supplementation, the 
expression level of miR-375 was significantly 
decreased (Fig. 2A), but miR-375 expression 
was not significantly different among the three 
types of supplementation. On the whole, BMPR2 
expression increased significantly in the BMP15, 
GDF9 and combined supplementation groups, but there were significant differences among 
the groups. The combination group had the highest level of BMPR2 expression, followed by 
the GDF9 group and then the BMP15 group (Fig. 2B).

Effects of miR-375 and BMPR2 on the expression levels of ALK4/5/6 as key regulators 
downstream of BMP15 and GDF9
The miR-375 mimics, miR-375 inhibitor and BMPR2-siRNA were added following 

BMP15, GDF9 and BMP15/GDF9 addition. The expression of ALK4 in the miR-375 mimics 

Fig. 1. Effects of different concentrations of 
BMP15, GDF9 and BMP15/GDF9 on the pro-
liferation and apoptosis of bovine cumulus 
cells. B50, B100 and B200 indicate that the 
added concentrations of BMP15 were 50 ng/
mL, 100 ng/mL, and 200 ng/mL, respectively; 
G100, G200 and G300 indicate that the added 
concentrations of GDF9 were 100 ng/mL, 200 
ng/mL, and 300 ng/mL, respectively; and B25/
G50, B50/G100, and B100/G200 indicate that 
in combined additions, the BMP15 concentra-
tions were 25 ng/mL, 50 ng/mL, and 100 ng/
mL and the GDF9 concentrations were 50 ng/
mL, 100 ng/mL, and 200 ng/mL, respective-
ly. NC represents the corresponding control 
groups in which only the solvents of BMP15 
and GDF9 were added. (A) The proliferation 
of cumulus cells relied on BMP15 and GDF9 
in a dose-dependent manner. (B) The apop-
totic rate of cumulus cells relied on BMP15 and 
GDF9 in a dose-dependent manner. In the same 
group, numbers labeled with different letters 
indicate significant differences (P<0.05). Dif-
ferent letters of different cases indicate highly 
significant differences (P<0.01). Numbers la-
beled with the same letters indicate that the 
difference was not significant (P > 0.05).

 1 

2 

Fig. 1. Effects of different concentrations of BMP15, GDF9 and BMP15/GDF9 on the 3 

proliferation and apoptosis of bovine cumulus cells. 4 
5 
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group was significantly 
increased (Fig. 3A). In the 
miR-375 inhibitor group, 
the expression level of 
ALK4 was significantly 
decreased (Fig. 3B). In the 
BMPR2 siRNA group, the 
expression level of ALK4 
was significantly increased 
(Fig. 3C). The expression 
levels of ALK5 and ALK6 
did not change significantly 
with any of the treatments.

Effects of miR-375 
and BMPR2 on the 
p h o s p h o r y l a t i o n 
levels of Smad1/5/8 
and Smad2/3 as key 
regulators downstream 
of BMP15/GDF9
The application of 

miR-375 mimics, miR-375 
inhibitor and BMPR2 siRNA 
following supplementation 
with BMP15, GDF9 and 
BMP15+GDF9 had no 
significant effect on the 
expression levels of 
Smad1/5/8 or Smad2/3. 
The addition of miR-375 
mimics and BMPR2 siRNA 
alone significantly reduced 
the levels of p-Smad1/5/8 
and p-Smad2/3, which 
was significantly alleviated 
by supplementation with 
BMP15, GDF9 or BMP15/

Fig. 2. Effects of BMP15 and GDF9 on the ex-
pression of miR-375 and BMPR2. Mean values 
labeled with different letters indicate signifi-
cant differences (P<0.05), and those labeled 
with different letters of different cases indi-
cate that the difference was highly significant 
(P<0.01). (A) Relative expression changes of 
miRNA-375 after BMP15, GDF9 or BMP15/
GDF9 addition. In contrast to the NC group, the 
expression levels of miR-375 after the addition 
of BMP15 or GDF9 decreased by more than 
25% compared with that before supplementation. (B) Relative expression changes of BMPR2 after BMP15, 
GDF9 or BMP15/GDF9 addition. The BMPR2 band was approximately 150kDa, and the GAPDH band was 
approximately 37kDa. BMPR2 expression increased by approximately 22% in the BMP15 group, approxi-
mately 38% in the GDF9 group, and approximately 51% in the BMP15/GDF9 combination group.

6 

7 

8 

Fig. 2. Effects of BMP15 and GDF9 on the expression of miR-375 and BMPR2.9 
10 

Fig. 3. Effect of miR-375 and BMPR2 on the expression of ALK4/5/6 as 
key regulators downstream of BMP15 and GDF9. ** indicates that the 
difference was highly significant (P<0.01). The ALK4 band was approxi-
mately 57kDa, the ALK5 band was approximately 53kDa, the ALK6 band 
was approximately 57kDa, and the GAPDH band was 37kDa. “+”means 
with addition, “-” means without addition. ALK5 and ALK6 showed no 
significant changes following the BMP15 or GDF9 treatment. (A) Rela-
tive expression changes of ALK4/5/6 after miR-375 mimics addition. 
Overexpression of miR-375 increased the expression of ALK4 by 86%, 
36% and 83%in the BMP15, GDF9 and combined addition groups, 
respectively. (B) Relative expression changes of ALK4/5/6 after miR-
375 inhibitor addition. Inhibition of miR-375 decreased ALK4 by 57%, 
54% and 41%in the BMP15, GDF9 and combined addition groups, re-
spectively. (C) Relative expression changes of ALK4/5/6 after BMPR2-
siRNA addition. Inhibition of BMPR2 increased the expression of ALK4 
by 40%, 42% and 44%in the BMP15, GDF9 and combined addition 
groups, respectively.

11 
12 
13 

14 

15 

Fig. 3. Effect of miR-375 and BMPR2 on the expression of ALK4/5/6 as key regulators 16 

downstream of BMP15 and GDF9 17 
18 
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Fig. 4. Effects of miR-375 and BMPR2 
on Smad1/5/8 signaling pathway as 
the key regulators downstream of 
BMP15 and GDF9. ** indicates that 
the difference was highly significant 
(P<0.01). The Smad1/5/8 bands were 
approximately 62kDa and 52kDa, and 
the GAPDH band was 37kDa. (A) Rela-
tive expression changes of Smad1/5/8 
and p-Smad1/5/8 after miR-375 
mimics addition. The addition of the 
miR-375 mimic reduced the level of 
p-Smad1/5/8 by more than 85%, 
and the addition of BMP15, GDF9 or 
BMP15/GDF9 resulted in the recov-
ery of p-Smad1/5/8 levels to approxi-
mately 36%, 60% or 81% that of the 
control group, respectively. (B) Rela-
tive expression changes of Smad1/5/8 and p-Smad1/5/8 after miR-375 inhibitor addition. The addition of 
the 375 inhibitor increased the p-Smad1/5/8 level by 19%, whereas the further addition of BMP15, GDF9 or 
BMP15/GDF9 increased the level of p-Smad1/5/8 by 56%, 150% or 166%, respectively. (C) Relative expres-
sion changes of Smad1/5/8 and p-Smad1/5/8 after BMPR2 siRNA addition. The results of the addition of 
BMPR2-siRNA were similar to those observed with the addition of the miR-375 mimic, which significantly 
reduced p-Smad1/5/8, and the addition of BMP15, GDF9 or combined agents reduced p-Smad1/5/8 by 
12%, 21% or 45%, respectively.

19 

20 

21 

22 

23 

Fig. 4. Effects of miR-375 and BMPR2 on Smad1/5/8 signaling pathway as the key regulators 24 

downstream of BMP15 and GDF9.25 
26 

Fig. 5. Effects of miR-375 and BMPR2 
on the Smad2/3 signaling pathway 
as key regulators downstream of 
BMP15 and GDF9. * Indicates a sig-
nificant difference within the same 
group (P<0.05), ** indicates a highly 
significant difference within the 
same group (P<0.01). The Smad2/3 
bands were approximately 60kDa 
and 52kDa, and the GAPDH band 
was 37kDa. (A) Relative expression 
changes of Smad2/3 and p-Smad2/3 
after miR-375 mimics addition. 
The addition of the miR-375 mimic 
significantly inhibited the level of 
p-Smad2/3, and even with the addi-
tion of BMP15 or GDF9, the level of 
p-Smad2/3 was still close to that of the group with no addition of BMP or GDF9 and still decreased by 
nearly 50%. Although the combined addition of BMP15/GDF9 caused the p-Smad2/3 level to recover to 
nearly 81%, the level was still lower than that of the control group. (B) Relative expression changes of 
Smad2/3 and p-Smad2/3 after miR-375 inhibitor addition. The addition of the miR-375 inhibitor increased 
p-Smad2/3 by 33%, the additional supplementation of BMP15 or GDF9 increased p-Smad2/3 by 72% or 
95%, respectively, and the combined supplementation of BMP15/GDF9 increased p-Smad2/3 by 115%. (C) 
Relative expression changes of Smad2/3 and p-Smad2/3 after BMPR2 siRNA addition. The effect of adding 
BMPR2-siRNA was similar to that of the miR-375 mimic, which significantly reduced p-Smad2/3. With the 
addition of BMP15, GDF9 or BMP15/GDF9, p-Smad2/3 recovered to 76%, 85% or 86% of that of the control 
group, respectively, but was still lower than in the control group.

27 
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Fig. 5. Effects of miR-375 and BMPR2 on the Smad2/3 signaling pathway as key regulators 31 

downstream of BMP15 and GDF9.32 
33 
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GDF9 (Fig. 4 and Fig. 5). However, the level of p-Smad1/5/8 was still highly significantly 
lower than that of the mimics-NC group. The addition of miR-375 inhibitor alone significantly 
increased the levels of p-Smad1/5/8 and p-Smad2/3, whereas the addition of BMP15, GDF9 
and BMP15/GDF9 on top of the miR-375 inhibitor further enhanced the expression of 
p-Smad1/5/8 and p-Smad2/3.

Effects of miR-375 and BMPR2 on the expression of the cumulus cell proliferation genes, 
PTX3, HAS2 and PTGS2
The addition of the miR-375 mimics highly significantly reduced the protein expression 

levels of PTX3, HAS2 and PTGS2. However, the protein expression levels of PTX3, HAS2 
and PTGS2 were highly significantly increased after the simultaneous addition of miR-375 
mimics with BMP15, GDF9 and BMP15/GDF9 (Fig. 6A). After the addition of the miR-375 
inhibitor alone, the expression levels of PTX3, HAS2 and PTGS2 were highly significantly 
increased. When the miR-375 inhibitor was added together with the addition of BMP15, 
GDF9 and BMP15/GDF9, the levels of PTX3, HAS2 and PTGS2 were higher than when the 
miR-375 inhibitor was added alone (Fig. 6B). The expression changes in the PTX3, HAS2 
and PTGS2 proteins in the BMPR2 siRNA-alone group were similar to those in the miR-375 
mimics group, and all proteins showed highly significantly decreased expression levels. After 

Fig. 6. Expression changes of PTX3, HAS2 
and PTGS2. ** indicates a highly significant 
difference (P<0.01). For PTX3, the addition 
of miR-375 mimics alone decreased the pro-
tein level to approximately 65%, and simul-
taneous addition of the miR-375 mimics and 
BMP15, GDF9 or BMP15/GDF9 increased the 
protein levels by 56%, 51% and 93%, respec-
tively. The addition of the miR-375 inhibitor 
alone increased the protein level by approxi-
mately 22%, and simultaneous addition of 
BMP15, GDF9 or BMP15/GDF9 on top of the 
miR-375 inhibitor increased the protein level 
by 50%, 24% and 154%, respectively. The re-
sults of BMPR2-siRNA alone were similar to 
those of the miR-375 mimics alone, which re-
duced PTX3 by 19%. Simultaneous addition 
of BMP15, GDF9 or BMP15/GDF9 on top of 
BMPR2-siRNA increased the protein level by 
68%, 81% and 207%, respectively. For HAS2, the addition of miR-375 mimics decreased the protein level 
by 32%, and the simultaneous addition of BMP15, GDF9 or BMP15/GDF9 on top of the miR-375 mimics 
increased the protein level by 21%, 40% or 55%, respectively. The addition of the miR-375 inhibitor alone 
increased the protein expression level by approximately 25%, and the simultaneous addition of BMP15, 
GDF9 or BMP15/GDF9 on top of the miR-375 inhibitor increased the protein level by 24%, 20% or 93%, 
respectively. The results of the BMPR2 siRNA-alone treatment were similar to those of miR-375 mimics 
alone, leading to a 26% decrease in the HAS2 level. Simultaneous addition of BMP15, GDF9 or BMP15/GDF9 
on top of BMPR2 siRNA increased the protein level by 59%, 54% or 150%, respectively. For PTGS2, the ad-
dition of miR-375 mimics alone decreased the protein level by 32%, whereas the simultaneous addition of 
BMP15, GDF9 or BMP15/GDF9 on top of the miR-375 mimics increased the protein level by 22%, 58% or 
66%, respectively. The addition of the miR-375 inhibitor alone increased the protein level by approximately 
25%, whereas the simultaneous addition of BMP15, GDF9 or BMP15/GDF9 on top of the miR-375 inhibitor 
increased the protein level by 126%, 60% or 130%, respectively. The addition of BMPR2 siRNA alone was 
similar to that of the miR-375 mimics alone, which decreased the PTGS2 level by 16%. Simultaneous addi-
tion of BMP15, GDF9 or BMP15/GDF9 on top of BMPR2 siRNA increased the protein level by 83%, 50% or 
102%, respectively.
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Fig. 6. Expression changes of PTX3, HAS2 and PTGS236 
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the addition of BMP15, GDF9 and BMP15/GDF9, the protein levels of PTX3, HAS2 and PTGS2 
were also significant increased compared with the corresponding control group (Fig. 6C).

Effects of BMP15 and GDF9 on the apoptosis of cumulus cells by regulating miR-375 and 
BMPR2
When the miR-375 mimics were added together with BMP15, GDF9 or BMP15/GDF9, 

the ratio of Bcl2: Bax was significantly decreased, with the greatest reduction observed in 
the BMP15/GDF9 group. We used flow cytometry to detect cumulus cell apoptosis, and 
the results showed that the apoptotic rates were significantly increased after adding the 
miR-375 mimics, no matter whether BMP15, GDF9 and BMP15/GDF9 were added. When 
the miR-375 inhibitor was added together with BMP15, GDF9 or BMP15/GDF9, the ratio of 
Bcl2 to Bax was not significantly changed, and cumulus cell apoptosis was not significantly 
affected. No matter whether BMP15, GDF9 or BMP15/GDF9 were added, the ratio of Bcl2 to 
Bax in the groups with BMPR2-siRNA was significantly lower than in the control group, and 
the apoptosis rate of bovine cumulus cells was significantly increased.

Discussion

Oocytes are the core components of mammalian follicles and can secrete oocyte 
secretion factors (OSFs), such as GDF9 and BMP15, to activate the Smad signaling pathway 
and thereby extensively regulate granulosa cell and cumulus cell functions, including 
differentiation, proliferation, apoptosis and luteinization [22]. These actions subsequently 
affect mammalian reproductive capacity. Recent studies have shown that one of the target 
genes of miR-375 is BMPR2, the common and only type II receptor of BMP15 and GDF9 [21, 
23]. However, whether miR-375 affects other receptors of BMP15 and GDF9 in the process 
and whether miR-375 regulates the activation of the Smad signaling pathway by regulating 
BMPR2 remain unclear.

BMP15 and GDF9 are both cytokines that are specifically secreted by oocytes. To clarify 
the roles of miR-375 and BMPR2 in the BMP15 and GDF9-mediated regulation of cumulus 
cells, we first added different concentrations of BMP15 and GDF9 to treat cumulus cells 
in vitro. The results showed that BMP15, GDF9 and BMP15/GDF9 promoted cumulus cell 

Fig. 7. Effects of BMP15 and GDF9 on 
the apoptosis of cumulus cells by regu-
lating miR-375 and BMPR2. * Indicates 
a significant difference, ** indicates a 
highly significant difference. When the 
miR-375 mimics were added on top of 
BMP15, GDF9 or BMP15/GDF9 supple-
mentation, the ratio of Bcl2 to Bax was 
decreased by 48%, 66% or 79%, respec-
tively, and the corresponding apoptotic 
rate was increased from 8.93%, 7.86% 
or 7.48% to 11.16%, 10.92% or 10.58%, 
respectively. While the other conditions 
remained unchanged, the Bcl2: Bax ratio 
and apoptosis rate did not change sig-
nificantly before vs. after the addition of 
inhibitor. After the addition of BMPR2-
siRNA, the ratio of Bcl2 to Bax was similar to that after the addition of the miR-375 mimics. The ratio of Bcl2 
to Bax decreased by 27%, 7.9% and 18%in the BMP15 group, GDF9 group and BMP15/GDF9 group, respec-
tively, and the corresponding apoptotic rates increased from 8.46%, 7.28% and 5.51% to 9.64%, 8.65% and 
6.49%, respectively.
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41 

Fig. 7. Effects of BMP15 and GDF9 on the apoptosis of cumulus cells by regulating miR-375 42 

and BMPR243 
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proliferation and prevented apoptosis within a certain concentration range, but the effects 
of BMP15 and GDF9 were not obvious, and BMP15 and GDF9 may have even inhibited cell 
proliferation and triggered apoptosis when the concentrations were too high (Fig. 1), which 
may be related to cell tolerance and the toxicity of impurities. Wu et al. reported that miR-
375 significantly inhibited OSCC cell viability, proliferation, invasion and migration and 
induced apoptosis [24].

The BMP15 and GDF9 common type II receptor BMPR2 is the target gene for both 
BMP15 and GDF9. From the results of this study, it can be seen that the addition of BMP15 
or GDF9 caused miR-375 down-regulation and BMPR2 up-regulation, and similar to some 
previous reports, the combined addition of BMP15/GDF9 showed some synergistic effects 
[13]. This result suggested that oocytes may affect the expression of endogenous miR-375 in 
surrounding cumulus cells by regulating the secretion of BMP15 and GDF9 and subsequently 
regulating the expression of BMPR2, leading to cumulus cell proliferation or apoptosis. MiR-
375 has a key restriction role during the process by which oocytes secrete BMP15 and GDF9 
to regulate the physiological state of surrounding cumulus cells.

In addition to type II receptors, BMP15 and GDF9 bind to their respective type I 
receptors (ALK4, ALK5 and ALK6) to regulate follicular growth and granulosa cell growth 
and differentiation through the Smad signaling pathway. The results of this study showed 
that miR-375 can indirectly regulate the expression of ALK4 via its target gene BMPR2 but 
has no effect on ALK5/6. On the other hand, ALK4 itself is a pro-apoptotic factor [25, 26]. 
The addition of miR-375 also upregulates ALK4, which is consistent with the function of 
miRNA-375 itself in promoting apoptosis. Treatments with BMP15, GDF9 and BMP15/GDF9 
plusmiR-375 mimics, miR-375 inhibitor or BMPR2-siRNA showed regulatory effects on 
ALK4. Therefore, in addition to its effect on the type II receptor BMPR2, miR-375 could also 
regulate the type I receptor ALK4 of BMP15 and GDF9 via its effects on BMPR2.

BMP15 and GDF9 can regulate the proliferation, differentiation and migration of cells 
by activating Smad1/5/8 and Smad2/3 [27, 28]. In our study, BMP15, GDF9, BMP15/GDF9, 
miR-375 and BMPR2 had no significant effect on the level of Smad1/5/8 orSmad2/3 but 
had varying degrees of influence on p-Smad1/5/8 and p-Smad2/3. MiR-375 is a key factor 
downstream of BMP15 and GDF9 and can act through its target gene BMPR2 to exert a 
significant negative effect on p-Smad1/5/8 and p-Smad2/3. Overexpression of miR-375 
reduced p-Smad1/5/8 and p-Smad2/3 by more than half, whereas addition of BMP15, GDF9 
or BMP15/GDF9 alleviated this reduction (Fig. 4A and Fig. 5A). In contrast, inhibition of 
miR-375 expression significantly increased the levels of p-Smad1/5/8 and p-Smad2/3, 
whereas addition of BMP15, GDF9 and BMP15/GDF9 further increased the levels of 
p-Smad1/5/8 and p-Smad2/3 on top of miR-375 inhibition (Fig. 4B and Fig. 5B). These 
results indicated that the GDF9 and BMP15 activation of Smad1/5/8 and Smad2/3 may 
involve multiple pathways, but miR-375/BMPR2 is one of the key pathways. In terms of the 
added concentrations, the concentrations of BMP15 and GDF9 in BMP15/GDF9 were both 
half of the concentrations used for the individual treatment of BMP15 and GDF9. However, 
the enhancement of p-Smad1/5/8 and p-Smad2/3 levels caused by the combined treatment 
of BMP15/GDF9 was significantly higher than that due to GDF9 or BMP15 alone. This finding 
suggested that BMP15/GDF9 has a pronounced synergistic effect on the p-Smad1/5/8 and 
p-Smad2/3 pathways.

In the in vitro COCs culture experiments, cumulus cell proliferation and expansion 
had important effects on oocyte maturation and quality, whereas PTX3, HAS2 and PTGS2 
are important genes that affected cumulus cell proliferation [29, 30].This study showed 
that miR-375 could regulate the expression levels of PTX3, HAS2 and PTGS2 through its 
target genes. Overexpression of miRNA-375 and knockdown of BMPR2 both inhibited the 
expression of PTX3, HAS2 and PTGS2, whereas the addition of inhibitor led to the opposite 
result. There might be several reasons for this observation. First, bioinformatics predictions 
suggested that PTX3, HAS2 and PTGS2 are not the target genes of miR-375, and miR-375/
BMPR2 does not directly regulate PTX3, HAS2, and PTGS2. The reason for decreased levels of 
PTX3, HAS2 and PTGS2 may be because miR-375 triggers a large number of cells to undergo 
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apoptosis, which is also supported by some previous reports [17, 19, 25] and our follow-
up experiments (Fig. 7). Second, under normal physiological conditions, although miR-375/
BMPR2 has a regulatory effect on PTX3, HAS2, and PTGS2, this effect is dependent on BMP15 
and GDF9 or is dominated by BMP15 and GDF9. In the in vitro culture experiments, additional 
treatment with BMP15 and GDF9 significantly alleviated the inhibition of miR-375/BMPR2 
on PTX3, HAS2 and PTGS2, suggesting that BMP15 and GDF9 have a more effective pathway 
for the regulation of cumulus cell proliferation. In addition, in terms of the cumulus cell 
proliferation genes, we found that the expression of PTX3, HAS2 and PTGS2 was the highest 
after the combined addition of BMP15 and GDF9, compared with the individual treatments. 
These results suggested that BMP15/GDF9 have significant synergistic effects on cumulus 
cell proliferation.

Through the detection of the expression levels of apoptosis-related genes, we found that 
the Bcl2: Bax ratio was significantly reduced and the proportion of cumulus cell apoptosis 
was increased after the over-expression of miR-375 or inhibition of BMPR2. This could be 
the main reason leading to downregulated expression of genes such as PTX3, thus affecting 
the expansion of cumulus cells. We also observed that the addition of BMP15 and GDF9 did 
not prevent apoptosis caused by miR-375 mimics but had a mitigating effect on apoptosis 
caused by inhibition of BMPR2, suggesting that miR-375 and BMPR2 are both key cell 
apoptosis regulators downstream of BMP15 and GDF9. In contrast, after the inhibition of 
miR-375, the Bcl2: Bax ratio did not 
change significantly, and cells did not 
show significant apoptosis. This may 
be because under the normal cell 
culture system conditions, the cells 
have a very low apoptosis rate, and 
removal of pro-apoptotic factors will 
not lead to obvious changes.

Conclusion

In summary, this study explored 
the function of miR-375 and BMPR2 
as downstream regulators of 
BMP15 and GDF9 and found that 
BMP15 and GDF9 have significant 
synergistic effects in activating the 
Smad signaling pathway and cumulus 
cell proliferation (Fig. 8). Our study 
provides a theoretical basis for 
gaining an in-depth understanding of 
the molecular regulation mechanism 
of follicular development and oocyte 
maturation and provides theoretical 
support for the establishment of a 
more comprehensive oocyte in vitro 
maturation system and for the full 
evaluation of animal egg resources. 
However, BMP15 and GDF9 are 
known to play extensive roles, the 
target gene of the downstream miR-
375 may not be unique, and other 
key regulatory factors of this pathway 
need to be further investigated. 

Fig. 8. The molecular mechanism of miR-375-BMPR2 on 
cumulus cell expansion, proliferation and apoptosis. The 
target gene for miR-375 is BMPR2, the only type II receptor 
of BMP15 and GDF9. Addition of BMP15 or GDF9 caused 
miR-375 down-regulation and BMPR2 up-regulation. MiR-
375 indirectly regulated the expression of ALK4 but had 
no effect on ALK5/6. Second, BMPR2 had no significant ef-
fect on the level of Smad1/5/8 or Smad2/3 but had vary-
ing degrees of influence on p-Smad1/5/8 and p-Smad2/3. 
These effects were more pronounced with the combination 
of BMP15 and GDF9. We also found that over-expression of 
miR-375 (or inhibition of its target gene BMPR2) reduced 
the Bcl2: Bax ratio, downregulated the PTGS2, PTX3, and 
HAS2 genes, and increased the proportion of cumulus cell 
apoptosis. Therefore, we believe that miR-375 plays an im-
portant role in the biological process of oocyte regulation 
of cumulus cell proliferation and apoptosis through BMP15 
and GDF9.
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Fig. 8. The molecular mechanism of miR-375-BMPR2 on cumulus cell expansion, proliferation 48 

and apoptosis49 
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Our research group will also use high-throughput sequencing technology to explore more 
factors regulated by BMP15 and GDF9 in future studies and conduct in-depth analysis of the 
regulation and mechanisms by which BMP15 and GDF9 act on oocytes and the surrounding 
cumulus cells and granulosa cells.
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