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A B S T R A C T   

Bone morphogenetic protein 15 (BMP15) and follicle-stimulating hormone (FSH) both play important roles in 
mammalian ovary and follicular development. The aim of the present study is to investigate the effects of BMP15 
and FSH in the prepubertal ovary of Rongchang pigs considering a possible signaling mechanism involving 
TβRII/ SMAD4 and FSHR in granulosa cells. For this purpose, we quantified expression levels of BMP15, SMAD2, 
SMAD3, SMAD4, SMAD7, TGF-β1, TGF-β2, TGF-β3, TGFβRI, TGFβRII, and FSHR via qRT-PCR at different ages in 
prepubertal ovaries and cultured biopsy of 90-day-old ovary in Rongchang pig. Additionally, the protein levels of 
BMP15, FSHR, SMAD2, SMAD4, TGFβRI, TGFβRII, TGF-β1, TGF-β2 were quantified via Western blot and the 
localizations of BMP15, FSHR and TGFβRII were observed via immunofluorescence confocal microscope. The 
results showed that expression levels of BMP15, TGF-β1, TGFβRII and FSHR increased significantly at day 60 as 
compared to day 30 and reached peak value at day 90 in prepubertal ovary of Rongchang pigs. We observed that 
BMP15, TGFβRII and FSHR was highly presented, which TGFβRII and FSHR displayed co-localization in the 
follicles of the prepubertal ovaries of 90-day-old Rongchang gilts. Treatment with TGFβRI/II inhibitor 
LY2109761 significantly decreased the expression of TGFβRI, TGFβRII and SMAD4 and TGFβRI inhibitor 
LY2157299 decreased TGFβRI, but increased the TGFβRII, SMAD4 and FSHR expression levels. Furthermore, the 
addition of rBMP15 and rFSH group significantly increased the expression of TGFβRII and FSHR proteins (P <
0.01), but no significant change in the expression of TGFβRI (P > 0.05) was observed by Western blot. In 
conclusion, BMP15, TGFβRII and FSHR were increased significantly in the prepubertal ovarian follicles of 
Rongchang pigs and FSHR expression in GCs was regulated by BMP15 and FSH through the TGFβRII.   

1. Introduction 

Bone morphogenetic protein 15 (BMP15), a member of the trans-
forming growth factor beta (TGF-β) superfamily, is a growth factor 
secreted by oocytes (Liu et al., 2019). BMP15 has six conserved cysteine 
that often forms disulfide bonds that connect with two mature peptide 
regions to form a biologically active dimer (Gasperin et al., 2014; Liu 
et al., 2019; Moore and Shimasaki, 2005). Then the dimer binds to the 
TGF-β receptor (TGFβR) on the granulosa cells (GCs) membrane around 
the oocytes to further phosphorylate intracellular small mothers against 
decapentaplegic-related (SMAD) proteins, there by constituting the 
BMP15/TGF-β/SMAD signaling pathway which regulates follicular 
development, promotes cumulus cell proliferation, and enhances oocyte 

development (Gasperin et al., 2014; Liu et al., 2019; Pangas et al., 2008; 
Zhai, 2013). Studies have shown that there are five subtypes of TGF-β, 
named TGF-β1, TGF-β2, TGF-β3, TGF-β4, and TGF-β5 (Gipson et al., 
2020; Yi et al., 2020). Among the TGFβR family, TGFβRI, TGFβRII, and 
TGFβRIII have been extensively studied (Hata and Chen, 2016; Schmi-
erer and Hill, 2007). SMADs are divided into the receptor-regulated type 
(i.e., SMAD1–3, SMAD5, and SMAD8), co-regulated type (SMAD4), and 
inhibitory type (SMAD6 and SMAD7). In a word, the TGFβR and SMAD 
family plays a very important role in the process of TGF-β signal trans-
duction (Du et al., 2018; Qin et al., 2019; Tzavlaki and Moustakas, 
2020). 

As a biological macromolecule, follicle-stimulating hormone (FSH) 
does not penetrate the cell membrane, but mainly binds to the specific 
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FSH receptor (FSHR) on the membrane surface of the target GCs and 
Sertoli cells (De Pascali et al., 2018; Devillers et al., 2019; Zhao, 2017). 
Interestingly, the proliferation and differentiation of GCs as well as the 
secretion of GC follicular fluid which induce the production of aroma-
tase and stimulate the synthesis and secretion of estradiol regulate the 
development, maturation, and release of oocytes (Devillers et al., 2019; 
Zhao, 2017). However, BMP15 must bind to the receptors BMPR1B 
(ALK6) and BMPRII on the cell membrane to activate the downstream 
SMAD signaling pathway (Gipson et al., 2020; Heath et al., 2017). 
Research has revealed that the expression of BMP15 in human ovarian 
GCs induces the expression of FSHR and the cytochrome P450 family 19 
subfamily A member 1 (CYP19A1), as well as the production of estrogen 
(Shimizu et al., 2019). Recent data show that FSHR induction by BMP15 
may be utilized for controlling follicular growth and development in 
human (Liu et al., 2019; Qin et al., 2019). BMP15 mutations cause 
premature ovarian failure (POF) in women (Santos et al., 2019). In 
addition, studies of polycystic ovary syndrome (PCOS) in women have 
shown that the expression of BMP15 and growth differentiation factor 9 
(GDF9) in preantral follicles of PCOS ovaries is significantly lower than 
that in normal ovaries, causing abnormality in early follicular devel-
opment (Lai et al., 2018; Rossetti et al., 2020; Shimizu et al., 2019). The 
expression of FSHR in GCs is regulated by BMP15 and the deficiency of 
BMP15 significantly reduces the expression of FSHR (Qin et al., 2019; 
Shi et al., 2020). However, the molecular mechanism of the interaction 
between BMP15 and FSHR at different developmental stages before 
puberty in various female mammals remains unclear. 

The Rongchang pig is one of three excellent local swine breeds, 
which has been listed as a national class I protected breed resource in 
China (Yi et al., 2020). Rongchang gilts experience early puberty at an 
average age of 106.1 ± 18.7 days and an average weight of 26 ± 10.2 kg 
(Zhu et al., 2017). Our preliminary research showed that BMP15 gene 
was highly expressed in the ovaries of Rongchang pigs and BMP15 ac-
tivates SMAD signaling pathway through TGFβRII (Ma et al., 2016a; Ma 
et al., 2016b; Yi et al., 2020). On the base of above data, we proposed a 
hypothesis that BMP15 changes the expression of SMAD4 and FSHR, 
thereby affecting the sensitivity of FSH to granulosa cells (GCs). 
Knowledge of the BMP15/TβRII/SMAD4 signaling pathway on the ef-
fects of FSH is important for a better understanding of the follicular 
development in mammals. The aim of this present study is to investigate 
the relationship of BMP15 and FSHR through TGFβRII/SMAD4 signaling 
pathway in prepubertal ovary of Rongchang pigs and lay the foundation 
for clarifying the regulation mechanism between BMP15 and FSHR. 

2. Materials and methods 

2.1. Animals and tissue preparation 

Female Rongchang pigs named Rongchang gilts around 28-day-old 
were purchased from the Pig Research Institute of Chongqing Acad-
emy of Animal Science (Rongchang, Chongqing, China). All animal ex-
periments were approved by the Animal Care Commission of the College 
of Animal Science, Southwest University. 15 female pigs were housed in 
laboratory animal room and maintained on a 14/10-h light-dark cycle 
with food and water ad libitum at the Laboratory Animal Facility of the 
College of Animal Science, Southwest University. On days 30, 60 and 90, 
the five Rongchang gilts were sacrificed after anesthesia, and the left five 
ovaries of each pig were prepared for immunohistochemistry and 
ovarian tissue culture, the right five ovaries of each pig were prepared 
for biochemical analyses by qRT-PCR and Western blot. 

2.2. Ovarian tissue culture 

The left ovaries of each 60-day-old Rongchang gilts were cut into 
400 μm thickness tissue slices using Alabama R&D MD6000 Tissue Slicer 
(TSE, USA) according to owner’s instruction manual. Ovary tissue slices 
were cultured in 12-well cell culture plate (Corning, USA) at 37 ◦C, 5% 

CO2 with 1000 ml DMEM supplied with culture medium A including 5 
mM rBMP15 (R&D, MN, USA), 100 IU/ml penicillin and 100 mg/ml 
streptomycin (HyClone, UT, USA), 10 μg/ml insulin, 5 μg/ml transferrin, 
20 nM selenite (ITS medium, Sigma Aldrich, St.Louis, MO, USA), 5% 
fetal calf serum (FCS, Hyclone, Utah, USA). The culture medium B and C 
were added TGFβRI/II LY2109761(S2704, Selleck, USA) and TGFβRI 
LY2157299(S2230, Selleck, USA) on the basis of culture medium A, 
respectively as described previously (Yi et al., 2020). The culture me-
dium was changed every 24 h. Negative controls were established by 
omitting 5 mM rBMP15 (R&D, MN, USA). The ovary tissue slices were 
prepared for biochemical analyses by qRT-PCR and Western blot as 
described previously (Yi et al., 2020). 

2.3. Inhibition analysis of TGFβR 

The ovary tissue slices were cultured and then were treated with 30 
μm TGFβRI/II LY2109761, 10 μm TGFβRI LY2157299, 0.01 IU/ml 
human FSH-Fc/Fc heterodimer (FSH) (KN015, Suzhou, China), and 
rBMP15 + FSH respectively as described previously (Yi et al., 2020; Tian 
et al., 2019). The ovary tissue slices were prepared for biochemical 
analyses by qRT-PCR and Western blot as described previously (Yi et al., 
2020). 

2.4. Quantitative real-time reverse-transcriptase polymerase chain 
reaction (qRT-PCR) 

The total RNA of difference ovarian tissues and cultured biopsy was 
extracted with Trizol reagent (Invitrogen, CA, USA), respectively and 
0.2 μg total RNA was reverse transcribed using a First-Strand Synthesis 
kit (Vazyme, Nanjing, China) and then qRT-PCR was fulfilled on a 
QuantStudio 3 Quantitative RT-PCR machine (ABI, MA, USA), using 
qPCR SYBR Green Master Mix (Vazyme, NJ, USA) and the primers listed 
in Table 1. After normalization with glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), the relative mRNA expression was determined 
using the comparative cycle threshold method. Three replicates were 
collected for each group. Relative mRNA expressions of the genes were 
detected by the 2− ΔΔCt method. 

Table 1 
Sequences of oligonucleotide primers for qRT-PCR used in the study.  

Gene Accession no. Primer sequence (5′-3′) Annealing 
temperature (◦C) 

Size 
(bp) 

BMP15 HQ013301.1 F:CGCATCTGAGGTTCTTGG 60 232   
R:CGCATCTGAGGTTCTTGG  

FSHR L31966.1 F:CTGCTTTACATCGACCCT 60 227   
R:CGAATCCCATTCTTACTCA  

SMAD2 NM_001256148.1 F:TTGATGGTCGTCTTCAGGTAT 60 276   
R:TTTCTGGAATGGAGTGGGTAT  

SMAD3 NM_214137.1 F:GGAGGAGAAGTGGTGCGAGAA 60 226   
R: ATGGTGGCTGTGAAGGTCAGG  

SMAD4 NM_214072.1 F:ATCTGCTGCTGCTGGAATCGG 60 164   
R:CTTCATCTAGGAGCTGGAGG  

SMAD7 NM_001244175.1 F:GTGCGTGGTGGCATACTGGGA 60 255   
R: GTGGCTGACTTGATGAAGATG  

TGF-β1 NM_214015.2 F:GCGGCAACCAAATCTATGA 60 320   
R:GTGGGCACTGAGGCGAAAA  

TGF-β2 L08375.1 F:TGCCCTCCTACGGACTTGA 60 229   
R:GCTGAGAACCCTGCTATGCT  

TGF-β3 NM_214198.1 F: TCTTTCTTGCTGGCTCTGA 60 306   
R:AACACTTGCCTTGTATGACG  

TGFβRI NM_001038639.1 F:GGTTCCGTGAGGCAGAGATT 60 229   
R:ATGTGAAGATGGGCAAGTCC  

TGFβRII L08375.1 F:TGCCCTCCTACGGACTTGA 60 239   
R:GCTGAGAACCCTGCTATGCT  

GAPDH AF017079.1 F:TCTTTCTTGCTGGCTCTGA 60 198   
R:AACACTTGCCTTGTATGACG   
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2.5. Western blot 

The ovaries and cultured biopsy were lysed in ice-cold protein lysis 
buffer (RIPA, Beyotime, Huangzhou, China) supplied with protease in-
hibitor (Beyotime, Huangzhou, China). The lysates were centrifuged at 
20000 ×g for 10 min at 4 ◦C to remove tissue debris. Lysate supernatant 
was boiled in 5× protein loading buffer for 10 min. Each equivalent 
protein (20 μg) was separated by 12% SDS-polyacrylamide gel and 
electro-transferred to polyvinylidene difluoride membranes (CST, MA, 
USA). The membranes were blocked for 2 h with 5% nonfat dry milk in 
Tris-buffered saline and then incubated with primary antibodies over-
night at 4 ◦C. The primary antibodies against the purposed protein were 
BMP15 (1:1000, Abcam, Cambridge, UK)，SMAD4 (1:1000, Abcam, 
Cambridge, UK), TGF-β1(1:1000, Abcam, Cambridge, UK)，TGF-β2 
(1:500, Abcam, Cambridge, UK), TGFβRI (1:800, Abcam, Cambridge, 
UK)，TGFβRII (1:1000, Abcam, Cambridge, UK), FSH-R (1:500, Abcam, 
Cambridge, UK), rBMP15(1:1000, R&D, MN, USA) and GADPH (1:2000, 
Abcam, Cambridge, UK). GADPH was used as the reference control. 
Afterward, the membranes were incubated with the suitable horseradish 
peroxidase-conjugated secondary antibodies (1:5000, Santa Cruz, CA, 
USA), the protein bands were detected using a FUSION FX-XT imaging 
system (VILBE, Paris, France) and quantified by Image Fusion-capt/ 
evolution software. 

2.6. Immunofluorescence 

The Rongchang gilt ovaries were fixed with 4% paraformaldehyde 
for 24 h, embedded in paraffin wax, and sectioned at 6 μm. Then they 
were deparaffinized with xylene, rehydrated through a graded series of 
alcohol, and subjected to antigen retrieval in 10 mM sodium citrate 
buffer (pH 6.0). After deparaffinization, rehydration, and antigen 
retrieval, the sections were washed three times in phosphate-buffered 
saline (PBS) and blocked, followed by incubating with a primary anti-
body (1:100 dilution of a mouse anti-BMP15 antibody; abcam) in 
blocking buffer overnight at 4 ◦C. Staining was visualized with a Cy3- 
conjugated goat anti-rabbit IgG (Beyotime, Hangzhou, China) or a 
FITC-labeled Goat Anti-Mouse IgG (H + L) (Beyotime, Hangzhou, China) 
diluted at 1:200 for 50 min and incubated with 2-(4-Amidinophenyl)-6- 
indolecarbamidine dihydrochloride (DAPI, Beyotime, China) for 10 min 
to stain the nucleus. After the final wash in PBS, fluorescent images were 
detected by a fluorescent microscope (LEICA Dmi8, Germany). Negative 
controls were established by omitting primary antibodies. 

2.7. Statistical analysis 

GraphPad Prism 6 software was used for statistical analyses. One- 
way ANOVA and the Newman-Keuls test were used for testing the dif-
ference more than two groups. Student’s test was used for comparing 
between two groups. The data is presented as the mean ± SEM of at least 
3 independent experiments. Statistical significance was considered as 

Fig. 1. Expression difference analysis between BMP15 and SMADs signal related genes of after ovary in prepubertal ovary Rongchang pigs. 
A. Relative Comparison of different gene mRNA expression of different genes with in 30 days, 60 days and 90 days old rongchang pigs B, C, D. Western blot and gray 
analysis of BMP15, FSHR, SMAD2, SMAD4, TGFβRI, TGFβRII, TGF-β1 and TGF-β2. **show very significant difference at P < 0.01, * show significant difference at P 
< 0.05. 
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follows: * show significant difference at P < 0.05, ** show very signif-
icant difference at P < 0.01. 

3. Results 

3.1. Expression of BMP15, FSHR, and TGF-β/SMAD signaling-related 
genes 

To analyze the expression of BMP15, SMAD2, SMAD3, SMAD4, 
SMAD7, TGF-β1, TGF-β2, TGF-β3, TGFβRI, TGFβRII, and FSHR gene 
among different prepubertal ovaries of Rongchang gilts, total RNA and 
proteins were isolated from 30, 60 and 90 days old ovary tissues in 
prepubertal Rongchang gilts and analyzed by qRT-PCR and Western 
blot, respectively. The results were standardized by reference gene 
GADPH. The result illustrated that, the mRNA expression of BMP15, 
TGF-β1, TGFβRII and FSHR increased significantly at 60 days as 
compared to 30 days and reached peak value at 90 days (P < 0.01, 
Fig. 1A). Meanwhile the result also showed that, in comparison to 30 
days, 60 days and 90 days old, mRNA expressions of SMAD2, SMAD3, 
SMAD4, and TGFβRI gene were abundantly expressed; SMAD7 gene was 
a low expressed and TGF-β3 almost not expressed (Fig. 1A). 

Simultaneously, the protein levels of BMP15, TGF-β1, TGFβRII and 
FSHR were also dramatically up-regulated among different prepubertal 
ovaries of Rongchang gilts (P < 0.01, Fig. 1B, C and D), and the SMAD2, 
TGFβRI, and TGF-β2 were downregulated, but no significant change in 
the expression of SMAD4 protein (Fig. 1B). In general, BMP15, FSHR, 
TGFβRII and TGF-β1 were significantly upregulated at 30 days and 60 
days (P < 0.01, Fig. 1C and D), while TGFβRI, TGF-β2, and SMAD2 were 
significantly downregulated in the prepubertal ovaries of Rongchang 
gilts (P < 0.05, Fig. 1C and D). 

3.2. Distribution of BMP15 and FSHR 

To analyze the distribution of BMP15 and FSHR proteins in the fol-
licles of the prepubertal ovaries of 90-day-old Rongchang gilts, we 
performed immunofluorescence staining on paraffin-embedded ovarian 
tissues and observed the results using fluorescence microscope. The 
result showed that the green fluorescent signal of BMP15 in the GCs 
around the oocytes of 90-day-old Rongchang gilts was present, as shown 
by the red arrow (Fig. 2A), in addition, a strong red fluorescent signal of 
FSHR was found in those cells, as shown by the red arrow (Fig. 2B). In 
general, the result revealed that the BMP15 and FSHR was expressed in 

Fig. 2. The distribution analysis of BMP15 and FSHR protein at follicle in prepubertal ovary of Rongchang pigs. 
A: a. Follicular tissue of ovary; b. BMP15 protein staining by FITC; c. DAPI; d. Merged image; e. Follicular tissue of ovary; f. BMP15 protein staining by FITC; g. 
hoechst33258 staining; h. Merged image; The bar represents 50 μm. 
B: a. Follicular tissue of ovary; b. FSHR protein staining by cy3; c. hoechst33258 staining; d. Merged image; e. Follicular tissue of ovary; f. FSHR protein staining by 
cy3; g. hoechst33258 staining; h. Merged images The bar represents 50 μm. 
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the follicles of the prepubertal ovaries of 90-day-old Rongchang gilts 
(Fig. 2A and B). 

3.3. Expression of BMP15 and TGF-β/SMAD signaling-related genes by 
treatment of TGFβR inhibitor 

The total RNAs were extracted from cultured biopsy of 90-day-old 
Rongchang gilts cultured in media A, B, and C for 48 h and reverse- 
transcribed into cDNA templates for qRT-PCR analysis of BMP15, 
SMAD3, SMAD4, TGF-β1, TGF-β2, TGFβRI, TGFβRII, and FSHR, using 
GAPDH as the internal reference gene. At dose 100 ng/ml treatment by 
rBMP15 to the ovary tissue slices culture medium, the mRNA expression 
of BMP15 was increased (P < 0.05) and the SMAD3 and TGFβRI was 
significantly down-regulated (P < 0.05 and P < 0.01, respectively) in the 
TGFβRI/II inhibitor (LY2109761) group compared with the DMSO 
control group. In addition, the mRNA expressions of SMAD4, TGFβRII, 
and FSHR were up-regulated approximately 2 folds (P < 0.01), 6 folds (P 
< 0.01) and 3 folds (P < 0.01), respectively, while the SMAD3, TGF-β1 
and TGF-β2 displayed no significant changes in the TGFβRI inhibitor 
(LY2157299) group (P > 0.05) compared with the DMSO control group 
(Fig. 3A). Simultaneously, the cultured biopsy of 90-day-old Rongchang 
gilts were collected after treatment of the TGFβRI/II inhibitor 
LY2109761 and the TGFβRI inhibitor LY2157299 with media B or C for 
0 h, 36 h, or 72 h, then performed Western blot analysis of TGFβRI, 
TGFβRII, SMAD4 and FSHR proteins using GAPDH as an internal 
reference. The results illustrated that treatment with TGFβRI/II inhibitor 
LY2109761 significantly decreased TGFβRI, TGFβRII and SMAD4 and 
TGFβRI inhibitor LY2157299 also decreased TGFβRI, but obviously 
increased the TGFβRII, SMAD4 and FSHR (Fig. 3B). In general, the result 
revealed that when TGFβRI was inhibited, the exogenously added 
BMP15 protein transmitted signals to SMAD4 through TGFβRII, which 
regulated the expression of FSHR. 

3.4. Localization of FSHR and TGFβRII proteins and analysis of BMP15 
responses 

To clarify the role of BMP15 in regulating the expression of FSHR 
through TGFβRII, we performed immunofluorescence staining on 
paraffin-embedded ovary tissue slices of 90-day-old Rongchang gilts and 
observed by confocal microscope. The results showed that TGFβRII 
protein was detectable with a strong red fluorescent signal (Figures 4Ab 
and g) and FSHR with a strong green fluorescent signal by the red arrow 
(Figures 4Ac and h) in the GCs of the ovarian follicles of the 90-day-old 
Rongchang gilts. Meanwhile, the results displayed co-localization of 

TGFβRII and FSHR proteins in the GCs of the ovarian follicles of 90-day- 
old Rongchang gilts (Figures 4Ae, g). To investigate whether FSH and 
BMP15 modulates the BMP15, FSHR, TGFβRI, and TGFβRII proteins 
expression, the cultured biopsy of 90-day-old Rongchang gilts cultured 
in media A, B, and C were incubated with rFSH (0.01 IU/ ml) for 48 h 
was checked by Western blot. With the addition of rBMP15 and rFSH to 
the cultured biopsy of the 90-day-old Rongchang gilts, the BMP15, 
FSHR, and TGFβRII proteins were dramatically increased, while the 
expression of TGFβRI displayed no significant changes, compared with 
TGFβRI/II inhibitor LY2109761 group and blank control group 
(Fig. 4B). The protein level of BMP15, FSHR, TGFβRI and TGFβRII 
quantified by Image Fusion-capt/evolution software suggested that the 
addition of rBMP15 and rFSH group significantly increased the expres-
sion of TGFβRII and FSHR proteins (P < 0.01, Fig. 4C and D), but no 
obvious change the expression of TGFβRI (P > 0.05, Fig. 4D). 

4. Discussion 

The development of the ovary is regulated by endocrine, autocrine, 
and paracrine processes between follicular germ cells and somatic cells 
(Li, Q., 2018; Ma et al., 2016a). Meanwhile, Ovarian follicle formed of 
Oocytes, GCs and membranous cells is the functional unit of ovary (Li, 
Q., 2018; Ma et al., 2016a). BMP15 is a growth factor secreted by oo-
cytes, constitutes the complicated BMP15/TGF-β/SMAD signaling 
pathway which promotes the development of oocytes, the proliferation 
of GCs and cumulus cells, the inhibition of apoptosis and luteinization of 
GCs, then participates in regulating the production of steroid hormones 
in GCs, such as progesterone(Filatov et al., 2017; Liu et al., 2019; Roy 
et al., 2018). In this study, the results revealed that BMP15, TGFβRII and 
TGF-β1 significantly increased from 30 days to 90 days age and BMP15 
was relatively high present in the GCs around the oocytes in 90-day-old 
prepubertal ovary of Rongchang pigs, indicated that the BMP15 protein 
acts on the surrounding GCs via a particular molecular channel. 

It is known that TGF-β signaling molecule acts as a ligand to activate 
two different serine/threonine kinase receptors on cell membrane, 
thereby activating intracellular SMADs, regulating gene expression, and 
participating in the regulation of follicular development (Moore and 
Shimasaki, 2005; Shimizu et al., 2019). Studies have shown that the 
expression of BMP15 begins in primary follicular oocytes in sheep and 
human ovaries and primordial follicles in mice (Ghoreishi et al., 2019; 
Roy et al., 2018). BMP15 is the primary gene that controls the number of 
ovulation and the traits of fecundity in cattle and sheep (Chen et al., 
2017; Ghoreishi et al., 2019). Furthermore, the conditional knockout of 
SMAD1, SMAD5, and SMAD8 in mice results in ovulation disorders and 

Fig. 3. Expression difference analysis between BMP15, TGFβRII and SMADs signal related genes under TGFβR inhibition. 
A: mRNA expression difference analysis by qRT-PCR. **show very significant difference at P < 0.01, * show significant difference at P < 0.05. B: protein expression 
difference analysis by Western blot. 
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infertility (Pangas et al., 2008). The present study reported that ex-
pressions of SMAD2, TGF-β2, and TGFβRI showed minor effects 
compared to BMP15, TGF-β1, TGFβRII, and SMAD4 which are consistent 
with BMP15/TGF-β/SMAD4 signaling pathway in Rongchang pigs. 
Obviously, the co-regulated SMAD4 in pigs may perform a more 
important biological function. However, the SMAD2/3 activates the 
downstream effector molecules in mice and rats and the SMAD1/5/8 
activates downstream effector molecules in humans and sheep, indicate 
that the diversities of BMP15-activated SMAD signaling pathway in 
different species (Moore and Shimasaki, 2005; Yi et al., 2020; Zhai, 
2013). 

A previous study has shown that FSHR and its intracellular signaling 
pathways control the development of mammalian follicle and female 
infertility (Du et al., 2016b). In mice, BMP15 activates BMPR1B (ALK6) 

and BMPRII on the cell membrane through the TGF-β signaling molecule 
as a ligand to further activate the downstream SMAD pathway which 
regulates the expression of FSHR (Cui et al., 2017; Miyazawa et al., 
2002; Shimizu et al., 2019). Furthermore, FSHR dramatically decline in 
porcine ovaries during follicular atresia and the knockout of FSHR in-
duces apoptosis in porcine GCs (Tang et al., 2020). SMAD4 is a TGF- 
signaling molecule by binding to target promoters termed SMAD- 
binding elements (SBEs), thus promoting signal transmission (Du 
et al., 2018a; Du et al., 2016b). Using the cultured biopsy as a model for 
the ovary, this study only validates that BMP15 regulates FSHR through 
TGFβRII/SMAD4 signaling pathway in prepubertal ovary of Rongchang 
gilts. The addition of exogenous rBMP15 and rFSH experiment revealed 
that BMP15 mediated SMAD4 signaling via TGFβRII and regulated the 
expression of FSHR in GCs when TGFβRI was inhibited, thereby BMP15/ 

Fig. 4. The localization analysis of TGFβRII and FSHR protein distribution at follicle in prepubertal ovary of Rongchang pigs. 
A: a. Follicular tissue of ovary; b. TGFβRII protein staining by cy3; c. BMP15 protein staining by FITC; d. DAPI; e. Merged image; f. Follicular tissue of ovary; g. 
TGFβRII protein staining by cy3; h. BMP15 protein staining by FITC; i. hoechst33258 staining; j. Merged image; The bar represents 100 μm. B, C, D. Western blot and 
gray analysis of BMP15, FSHR, TGFβRI and TGFβRII. **show very significant difference at P < 0.01, * show significant difference at P < 0.05. 
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TGF-β/SMAD4 were playing an important regulatory role in follicle 
development of Rongchang pigs. However, the molecular mechanisms 
involved in the up or downregulation of FSHR during in prepubertal 
ovary of Rongchang pigs are still unclear. 

In mammals, the development of follicles from primordial, primary, 
and secondary follicles to mature follicles is a continuous process of 
changes (Alam et al., 2018; Belli and Shimasaki, 2018; Du et al., 2018). 
The growth of follicles requires FSH and regulatory factors secreted from 
GCs, membranous cells, and oocytes (Roy et al., 2018; Shimizu et al., 
2019; Yin et al., 2019). Moreover, the hypothalamic–pituitary–gonad 
axis and reproductive system are formed and gradually refined from 
birth to prepuberty in mammals (Zhao, 2017). During this period, go-
nadotrophins have little effect on follicle development (Pressing et al., 
1992; Zhao, 2017). Before puberty, the development of oocytes mainly 
depends on the performance of multiple functions by cumulus cells, as 
well as the secretion of potent factors by oocytes, i.e., oocyte-secreted 
factors (OSFs) and EGF, to determine the differentiation and function 
of cumulus cells (Alam et al., 2018; Belli and Shimasaki, 2018). OSFs 
mainly include GDF9, BMP15, and some fibroblast growth factors 
(FGFs) (Alam et al., 2018; Belli and Shimasaki, 2018). Consequently, the 
present results revealed that the specific factor BMP15 secreted by the 
prepubertal oocytes of Rongchang pigs activates SMAD4 through the 
TGFβRII in GCs to promote FSHR expression (Fig. 5). In addition, FSH 
plays a role via FSHR (Fig. 5). The secretion and transportation mech-
anisms of BMP15 protein in the primordial follicles, primary follicles, 
secondary follicles, and mature follicles of Rongchang pigs, as well as 
the detailed mechanism of TGF-β/SMAD4-mediated signal transduction, 
require further study. 

Declaration of Competing Interest 

The authors declare that there are no conflict of interests that could 
have influenced the outcome of this study. 

Acknowledgments 

This work was supported by the Chongqing Basic Research Program 
(grant number cstc2018jcyjAX0615), and the Fundamental Research 
Funds for the Central Universities (grant number XDJK2018C059, 
XDJK2018C060). 

References 

Alam, M.H., Lee, J., Miyano, T., 2018. GDF9 and BMP15 induce development of antrum- 
like structures by bovine granulosa cells without oocytes. J Reprod Dev 64 (5), 
423–431. 

Belli, M., Shimasaki, S., 2018. Molecular aspects and clinical relevance of GDF9 and 
BMP15 in ovarian function. Vitam. Horm. 107, 317–348. 

Chen, H.Y., Liu, C., Jiang, H., Gao, Y., Xu, M.Q., Wang, J., Liu, S.Y., Fu, Y., Sun, X.L., 
Xu, J.J., Zhang, J.B., Li, D.S., 2017. Regulatory role of miRNA-375 in expression of 
BMP15/GDF9 receptors and its effect on proliferation and apoptosis of bovine 
cumulus cells. Cell. Physiol. Biochem. 41 (2), 439–450. 

Cui, X.G., Jing, X., Wu, X.Q., Bi, X.Y., Liu, J.F., Long, Z.J., Zhang, X.P., Zhang, D.D., 
Jia, H.X., Su, D., Huo, K., 2017. Abnormal expression levels of BMP15/Smad1 are 
associated with granulosa cell apoptosis in patients with polycystic ovary syndrome. 
Mol. Med. Rep. 16 (6), 8231–8236. 

De Pascali, F., Trefier, A., Landomiel, F., Bozon, V., Bruneau, G., Yvinec, R., Poupon, A., 
Crepieux, P., Reiter, E., 2018. Follicle-stimulating hormone receptor: advances and 
remaining challenges. Int. Rev. Cell Mol. Biol. 338, 1–58. 

Devillers, M.M., Petit, F., Cluzet, V., Francois, C.M., Giton, F., Garrel, G., Cohen- 
Tannoudji, J., Guigon, C.J., 2019. Ovarian estradiol production during mini-puberty: 
importance of the cross-talk between FSH and AMH. Med Sci. 35 (3), 201–203. 

Du, X., Pan, Z.X., Li, Q.Q., Liu, H.L., Li, Q.F., 2018. SMAD4 feedback regulates the 
canonical TGF-beta signaling pathway to control granulosa cell apoptosis. Cell Death 
Dis. 9 (2), 151. 

Filatov, M., Khramova, Y., Parshina, E., Bagaeva, T., Semenova, M., 2017. Influence of 
gonadotropins on ovarian follicle growth and development in vivo and in vitro. 
Zygote 25 (3), 235–243. 

Gasperin, B.G., Ferreira, R., Rovani, M.T., Bordignon, V., Duggavathi, R., Buratini, J., 
Oliveira, J.F., Goncalves, P.B., 2014. Expression of receptors for BMP15 is 
differentially regulated in dominant and subordinate follicles during follicle 
deviation in cattle. Anim. Reprod. Sci. 144 (3–4), 72–78. 

Ghoreishi, H., Fathi-Yosefabad, S., Shayegh, J., Barzegari, A., 2019. Identification of 
mutations in BMP15 and GDF9 genes associated with prolificacy of Markhoz goats. 
Arch Anim Breed 62 (2), 565–570. 

Gipson, G.R., Goebel, E.J., Hart, K.N., Kappes, E.C., Kattamuri, C., McCoy, J.C., 
Thompson, T.B., 2020. Structural perspective of BMP ligands and signaling. Bone 
140, 115549. 

Hata, A., Chen, Y.G., 2016. TGF-β signaling from receptors to Smads. Cold Spring Harb. 
Perspect. Biol. 8 (9), a022061. 

Heath, D.A., Pitman, J.L., McNatty, K.P., 2017. Molecular forms of ruminant BMP15 and 
GDF9 and putative interactions with receptors. Reproduction 154 (4), 521–534. 

Lai, L.J., Shen, X.Y., Liang, H.Q., Deng, Y.Y., Gong, Z.D., Wei, S.C., 2018. Determine the 
role of FSH receptor binding inhibitor in regulating ovarian follicles development 
and expression of FSHR and ERα in mice. Biomed. Res. Int. 2018, 5032875. 

LI, Q., 2018. Roles of microRNA on mammalian follicle development. Acta Veterinaria et 
Zootechnica Sinica 49 (12), 2558–2566. 

Liu, M.N., Zhang, K., Xu, T.M., 2019. The role of BMP15 and GDF9 in the pathogenesis of 
primary ovarian insufficiency. Hum. Fertil. 1672107. 

Ma, X.P., Bi, J.X., Long, A.G., Chen, Y.X., Teng, G.Z., Yi, H.S., 2016a. Advance of 
apoptotic mechanism in mammalian oocyte. China Anim. Husbandry & Vet. Med. 43 
(12), 3263–3267. 

Ma, X.P., Zhu, T., Long, A.G., Bi, J.X., He, J., Wang, Y., Yi, H.S., 2016b. Sequence and 
transcripts analysis of the bone morphogenetic protein 15 in porcine of Rongchang. 
Acta Agriculturae Boreali-Sinica 31 (s1), 458–462. 

Miyazawa, K., Shinozaki, M., Hara, T., Furuya, T., Miyazono, K., 2002. Two major Smad 
pathways in TGF-beta superfamily signalling. Genes Cells 7 (12), 1191–1204. 

Moore, R.K., Shimasaki, S., 2005. Molecular biology and physiological role of the oocyte 
factor, BMP-15. Mol. Cell. Endocrinol. 234 (1–2), 67–73. 

Pangas, S.A., Li, X.H., Umans, L., Zwijsen, A., Huylebroeck, D., Gutierrez, C., Wang, D.G., 
Martin, J.F., Jamin, S.P., Behringer, R.R., Robertson, E.J., Matzuk, M.M., 2008. 
Conditional deletion of Smad1 and Smad5 in somatic cells of male and female 
gonads leads to metastatic tumor development in mice. Mol. Cell. Biol. 28 (1), 
248–257. 

Pressing, A., Dial, G.D., Esbenshade, K.L., Stroud, C.M., 1992. Hourly administration of 
GnRH to prepubertal gilts: endocrine and ovulatory responses from 70 to 190 days of 
age. J. Anim. Sci. 70 (1), 232–242. 

Qin, Y.F., Tang, T., Li, W., Liu, Z.G., Yang, X.L., Shi, X., Sun, G.J., Liu, X.F., Wang, M., 
Liang, X.Y., Cao, P.Q., Mo, D.L., Liu, X.H., Chen, Y.S., He, Z.Y., 2019. Bone 
morphogenetic protein 15 knockdown inhibits porcine ovarian follicular 
development and ovulation. Front Cell Dev Biol 7, 00286. 

Rossetti, R., Ferrari, I., Bestetti, I., Moleri, S., Brancati, F., Petrone, L., Finelli, P., 
Persani, L., 2020. Fundamental role of BMP15 in human ovarian folliculogenesis 
revealed by null and missense mutations associated with primary ovarian 
insufficiency. Hum. Mutat. 41 (5), 983–997. 

Roy, S., Gandra, D., Seger, C., Biswas, A., Kushnir, V.A., Gleicher, N., Kumar, T.R., 
Sen, A., 2018. Oocyte-derived factors (GDF9 and BMP15) and FSH regulate AMH 

Fig. 5. Hypothetical signaling network of BMP15 and FSH in pig gran-
ulosa cells. 

X. Ma and H. Yi                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0005
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0005
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0005
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0010
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0010
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0015
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0015
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0015
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0015
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0020
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0020
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0020
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0020
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0025
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0025
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0025
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0030
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0030
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0030
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0040
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0040
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0040
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0045
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0045
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0045
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0050
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0050
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0050
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0050
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0055
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0055
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0055
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0060
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0060
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0060
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0065
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0065
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0070
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0070
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0075
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0075
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0075
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0080
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0080
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0085
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0085
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0090
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0090
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0090
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0095
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0095
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0095
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0100
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0100
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0105
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0105
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0115
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0115
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0115
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0115
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0115
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0120
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0120
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0120
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0125
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0125
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0125
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0125
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0130
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0130
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0130
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0130
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0135
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0135


Research in Veterinary Science 143 (2022) 66–73

73

expression via modulation of H3K27AC in Granulosa cells. Endocrinology 159 (9), 
3433–3445. 

Santos, M., Cordts, E.B., Peluso, C., Dornas, M., Neto, F.H.V., Bianco, B., Barbosa, C.P., 
Christofolini, D.M., 2019. Association of BMP15 and GDF9 variants to premature 
ovarian insufficiency. J. Assist. Reprod. Genet. 36 (10), 2163–2169. 

Schmierer, B., Hill, C.S., 2007. TGFbeta-SMAD signal transduction: molecular specificity 
and functional flexibility. Nat. Rev. Mol. Cell Biol. 8 (12), 970–982. 

Shi, X., Tang, T., Lin, Q.Y., Liu, H.B., Qin, Y.F., Liang, X.Y., Cong, P.Q., Mo, D.L., Liu, X. 
H., Chen, Y.S., He, Z.Y., 2020. Efficient generation of bone morphogenetic protein 
15-edited Yorkshire pigs using CRISPR/Cas9†. Biol. Reprod. 103 (5), 1054–1068. 

Shimizu, K., Nakamura, T., Bayasula Nakanishi, N., Kasahara, Y., Nagai, T., Murase, T., 
Osuka, S., Goto, M., Iwase, A., Kikkawa, F., 2019. Molecular mechanism of FSHR 
expression induced by BMP15 in human granulosa cells. J. Assist. Reprod. Genet. 36 
(6), 1185–1194. 

Tang, T., Lin, Q.Y., Qin, Y.F., Liang, X.Y., Guo, Y., Cong, P.Q., Liu, X.H., Chen, Y.S., He, Z. 
Y., 2020. Effects of bone morphogenetic protein 15 (BMP15) knockdown on porcine 
testis morphology and spermatogenesis. Reprod. Fertil. Dev. 32 (11), 999–1011. 

Tian, H., Liu, K.X., Zhang, Y.M., Qi, Q., Wang, C.X., Guan, H., Yan, F.X., Hou, J., 2019. 
Adult follicular fluid supplementation during in vitro maturation improves the 
developmental competence of prepubertal lamb oocytes. Theriogenology 130, 
157–162. 

Tzavlaki, K., Moustakas, A., 2020. TGF-β Signaling. Biomolecules 10 (3), 487. 
Yi, H.S., Ma, X.P., Zhao, Y., Zhu, P., Liu, X., Deng, B.Y., Wu, X.W., Zhu, D., Cui, Y., 2020. 

Study on the Rongchang pig BMP15 gene through TGF-β RIIactivation SMAD4 signal 
molecular mechanism. Acta Veterinaria et Zootechnica Sinica 51 (4), 754–762. 

Yin, L., Wang, W.S., Wei, H.Y., Xi, F.X., Chu, G.Y., Yang, G.S., 2019. Localization and 
expression of CTRP6 in ovary and its regulation by FSH in porcine granulosa cells. 
Theriogenology 127, 56–65. 

Zhai, B., 2013. Study on BMP15 Signal Pathway to Regulate the Apoptosis of Porcine 
Cumulus Cells. (doctor). Jilin University. 

Zhao, X.X., 2017. Theriogenology, The fifth edition. China Agriculture Press, Beijing, 
China.  

Zhu, D., Wang, J.Y., Zhang, L., Guo, Z.Y., Chen, S.Q., 2017. Study on estrus regularity of 
Rongchang sows. Swine Industry Sci. 34 (11), 134–135. 

X. Ma and H. Yi                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0135
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0135
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0140
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0140
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0140
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0145
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0145
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0150
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0150
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0150
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0155
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0155
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0155
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0155
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0160
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0160
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0160
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0165
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0165
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0165
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0165
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0170
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0175
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0175
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0175
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0180
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0180
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0180
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0185
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0185
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0195
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0195
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0200
http://refhub.elsevier.com/S0034-5288(21)00357-X/rf0200

	BMP15 regulates FSHR through TGF-β receptor II and SMAD4 signaling in prepubertal ovary of Rongchang pigs
	1 Introduction
	2 Materials and methods
	2.1 Animals and tissue preparation
	2.2 Ovarian tissue culture
	2.3 Inhibition analysis of TGFβR
	2.4 Quantitative real-time reverse-transcriptase polymerase chain reaction (qRT-PCR)
	2.5 Western blot
	2.6 Immunofluorescence
	2.7 Statistical analysis

	3 Results
	3.1 Expression of BMP15, FSHR, and TGF-β/SMAD signaling-related genes
	3.2 Distribution of BMP15 and FSHR
	3.3 Expression of BMP15 and TGF-β/SMAD signaling-related genes by treatment of TGFβR inhibitor
	3.4 Localization of FSHR and TGFβRII proteins and analysis of BMP15 responses

	4 Discussion
	Declaration of Competing Interest
	Acknowledgments
	References


