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Abstract
Purpose Follicle-stimulating hormone receptor (FSHR) expression in granulosa cells is critical in enabling follicles to achieve
accelerated growth. Although FSHR expression has been reported to be epigenetically regulated, the mechanism is unclear.
Cooperation between oocytes and granulosa cells is also essential for normal follicular growth. Among oocyte-derived factors,
bone morphogenetic protein 15 (BMP15) promotes follicular growth and is suggested to have epigenetic effects. We examined
the role of BMP15 in the acquirement of FSHR in human granulosa cells.
Methods Immortalized non-luteinized human granulosa (HGrC1) cells were stimulated with trichostatin A (TSA) or BMP15 to
analyze FSHR expression, histone modifications, and USF1/2 binding at the FSHR promoter region. Histone acetyl transferase
(HAT) activity and phosphorylation of Smad 1/5/8 and p38 MAPK were examined with or without BMP15, SB203580, and
LDN193189. CYP19A1 expression and estradiol production were also studied.
Results TSA and BMP15 induced FSHR mRNA expression in a dose-dependent manner and histone modifications were
observed with increased binding of USF1/2. BMP15 increased FSHR protein expression, which was suppressed by
LDN193189. BMP15 increased phosphorylation of Smad 1/5/8 and significantly increased HAT activity, which was inhibited
by LDN193189, but not by SB203580. BMP15 increased phosphorylation of p38 MAPK and USF1. LDN193189 suppressed
BMP15-induced phosphorylation of both p38 MAPK and USF1, whereas SB203580 suppressed the phosphorylation of USF1.
BMP15 increased CYP19A1 mRNA expression and estradiol production.
Conclusion BMP15 induced FSHR expression in human granulosa cells through Smad and non-Smad pathways. This mecha-
nism of FSHR induction by BMP15 may be utilized for controlling follicular growth.
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Introduction

Follicle-stimulating hormone receptor (FSHR) is essential for
follicle growth and ovulation in the ovary. Expression of
FSHR in granulosa cells is increased as healthy follicles grow,
whereas it is decreased in atretic follicles [1]. FSHR in gran-
ulosa cells is expressed in a stage-dependent manner of follicle
growth. FSHR is undetectable in primordial or primary folli-
cles initially but is observed in small antral follicles at a later
stage. Granulosa cells increase the production of FSHR until
follicles reach the pre-ovulatory stage. Only a few selected
follicles acquire FSHR expression enabling gonadotropin-
dependent growth, while most follicles remain quiescent.
Expression of FSHR in granulosa cells is precisely regulated
to induce normal folliculogenesis. However, the exact regula-
tory mechanism of FSHR expression remains unclear.
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Luteinizing hormone receptor (LHR), another gonadotro-
pin receptor, is known to be regulated in an epigenetic manner
[2, 3]. LHR and FSHR possess a similar DNA structure sug-
gesting a similar epigenetic regulatory mechanism for FSHR
[4]. Epigenetic regulation, such as histone modification, plays
a critical role in gene expression. Acetylation of histones
mainly reduces the affinity between DNA and histones to
access the chromatin structure [5]. This allows RNA polymer-
ase and transcription factors to bind to DNA easily, thereby
promoting transcription. Trichostatin A (TSA), a histone
deacetylase inhibitor, has been shown to induce changes of
histone modifications contributing to increasing LHR expres-
sion [3].

At the same time, regulation from the coresident oocyte is
another possible regulatory mechanism of FSHR expression
in granulosa cells. The interaction between granulosa cells and
oocytes, and their subsequent coordinated growth is vital for
normal follicle growth. This interaction is known to be medi-
ated in part by paracrine factors produced by both granulosa
cells and oocytes [6]. In the follicle, cytokines belonging to the
transforming growth factor-β (TGF-β) family participate in
the regulation of cell proliferation and apoptosis and differen-
tiation in a variety of tissues, acting as key regulators of
folliculogenesis. Among these regulators, factors derived
from the oocytes are bone morphogenetic protein 15
(BMP15) and growth differentiation factor 9 (GDF9) [7, 8].
BMP15 and GDF9 are known to regulate follicle develop-
ment, ovulation rate, and oocyte quality [9–12].

More than 20 BMPs have been identified. Some are report-
ed to exert epigenetic effects. BMP2, BMP6, and BMP7 phos-
phorylate small mothers against decapentaplegic (Smad) 1/5/8
and induce histone acetyltransferase activity (HAT) to epige-
netically regulate expressions of heart development-related
genes [13]. Some BMPs, such as BMP4, BMP6, and BMP7,
are known to induce FSHR gene expression [14, 15].
However, these factors are not specifically derived from the
oocyte. Considering the close interaction between granulosa
cells and oocytes during follicle growth, it is reasonable to
suspect that oocyte-derived factors may be involved in the
regulation of FSHR expression in granulosa cells. BMP15
has been shown to activate the Smad 1/5/8 signaling pathway
[16, 17], suggesting a possible role of BMP15 in the epige-
netic regulation of FSHR expression. BMPs are also known to
act through the p38 MAPK signaling pathway, a non-Smad
pathway, as well as through the Smad pathway [18]. In non-
granulosa cells, previous reports have shown that p38
mitogen-activated protein kinase (MAPK) induces upstream
stimulatory factor 1 (USF1) phosphorylation [19, 20].

BMP15 has been reported to produce conflicting effects on
FSHRmRNA expression in human and rat [21, 22]. However,
human granulosa cells used for in vitro studies are mostly
obtained during the oocyte retrieval step in in vitro fertilization
(IVF) cycles. These granulosa cells have typically been

luteinized, which drastically alters the characteristics of gran-
ulosa cells, making it difficult to draw conclusions on expres-
sion profiles of gonadotropin receptors. Presently, there are no
reports on the effects of BMP15 on non-luteinized human
granulosa cells, which reflect granulosa cells of growing fol-
licles. With the use of immortalized non-luteinized human
granulosa cells (HGrC1), we have been able to examine the
characteristics of non-luteinized granulosa cells [17].

The purpose of this study was to elucidate the regulation of
FSHR expression of growing follicles in human granulosa
cells. Referring to the epigenetic regulatory mechanism of
LHR, which shares a similar structure to FSHR, we first ex-
amined if FSHR can also be epigenetically regulated with
TSA. We then focused on the molecular mechanism of
BMP15-induced FSHR expression, including its epigenetic
effects.

Materials and methods

Reagents

Human recombinant BMP15 was obtained from R&D
Systems, Inc. (Minneapolis, MN, USA). The histone
deacetylase inhibitor, trichostatin A (TSA) was purchased
from Sigma (St. Louis, MO, USA). SB203580, a p38
MAPK inhibitor, was obtained from Calbiochem (Merck
KGaA, Darmstadt, Germany). LDN193189, an Alk2, 3 antag-
onist, was obtained from Sigma.

Cell culture, RNA isolation, and real-time RT-PCR

HGrC1 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) containing 10% fetal bovine serum
(FBS; Biological Industries Ltd., Beit HaEmek, Israel),
100 IU/mL of penicillin, 100 μg/mL of streptomycin, and
25 mg/L of amphotericin B at 37 °C in 5% CO2 and 5% O2

air. HGrC1 cells were plated onto 6-well multi-dishes
(Nunclon DELTA Surface; Nunclon, Roskilde, Denmark),
100-mm tissue culture dishes, or 150-mm tissue culture dishes
(Iwaki, Tokyo, Japan). Into each well of 6-well plates, 60 ×
104 were plated. The cells reached 100% confluence in ap-
proximately 2 days, reaching 132 × 104 cells per well. The
confluent HGrC1 cells obtained from the 6-well multi-dishes
were cultured in DMEM without FBS overnight. The cells
were then treated with 0–1000 ng/ml TSA, 0–500 ng/ml
BMP15, or 5 IU/mL FSH for 48 h. To observe CYP19A1
expression and estradiol production, 10 μM androstenedione
(4-androstene-3,17-dione; Sigma) were added to the medium.
Total RNAwas isolated from cells using the RNeasy Mini kit
(QIAGEN Inc., Valencia, CA, USA) according to the manu-
facturer’s protocol. Reverse transcription reactions with 1 μg
of total RNA were performed with a first-strand cDNA
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synthesis kit (ReverTra Ace α; Toyobo Co. Ltd., Osaka,
Japan). Real-time RT-PCR was performed using the Thermal
Cycler Dice (Takara Bio Inc., Tokyo, Japan) and KOD SYBR
qPCR Mix (Toyobo Co. Ltd) using 96-well 0.2-mL thin-wall
PCR tubes. The real-time RT-PCRmixture contained 2×KOD
SYBR qPCRMix, 0.2 μM PCR primers and 2 μL of comple-
mentary DNA in a total volume of 25 μL. PCR primers were
5′ TTT CAAGAACAAGGATCCATT CC 3′ (forward) and
5′ CCT GGCCCT CAGCTTCTTAA 3′ (reverse) for FSHR,
5′ GGT GAG AGA GAC ATA AAG ATT G 3′ (forward) and
5′ TTC AGG ATA ATG TTT GTC CC 3′ (reverse) for
CYP19A1, and 5′ GCA CCG TCA AGG CTG AGA AC 3′
(forward) and 5′ TGG TGA AGA CGC CAG TGG A 3′
(reverse) for GAPDH. The PCR profile included an initial
incubation at 95 °C for 30 s followed by 45 cycles of dena-
turation at 95 °C for 5 s, annealing at 55 °C for 10 s and
extension at 72 °C for 20 s. All real-time RT-PCR was per-
formed in duplicate. To eliminate the possibility of non-
specific amplification or primer-dimer formation, the dissoci-
ation curves were checked for a single peak. The ratio of
FSHR mRNA to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA was calculated by applying the 2−ΔΔCt

technique.

Western blot analysis

The confluent HGrC1 cells obtained from the 6-well multi-
dishes were cultured in DMEM without FBS overnight. The
cells were then treated with or without 500 ng/ml BMP15,
10 μM LDN193189, or 10 μM SB203580 for 48 h for
performing FSHR analysis. For Smad 1/5/8, p38, and USF1
phosphorylation analysis, cells were pretreated with 10 μM
LDN193189 or 10 μM SB203580 for 2 h before stimulation
with 500 ng/ml BMP15 for 0–90 min. The cells were lysed in
a radioimmunoprecipitation buffer (10 mmol/L Tris-HCl,
pH 7.4, 150 mmol/L NaCl, 1% Nonidet P-40, 5 mmol/L
EDTA, 1% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate [SDS], 1.2% aprotinin, 5 μmol/L leupeptine, 4 μmol/L
antipain, 1 mmol/L phenylmethylsulfonylfluoride, and
0.1 mmol/L Na3VO4). The cell lysates were clarified by cen-
trifugation at 13,000g at 4 °C for 15 min, for protein extrac-
tion. Equal amounts of proteins were mixed with 2× sample
buffer (4% sodium dodecyl sulfate (SDS), 10% beta-
mercaptoethanol, and 20% glycerol in 0.125 M Tris, pH 6.8)
containing bromophenol blue and boiled for 5 min. The sam-
ples were loaded and separated via 10% SDS-polyacrylamide
gel electrophoresis (PAGE). Proteins separated by SDS-PAGE
were transferred to polyvinylidene difluoride membranes
(Immobilon-P transfer membrane) and blocked for 1 h with
blocking buffer (5% non-fat milk in Tris-buffered saline con-
taining 0.5% Tween-20 (TBST) for 1 h. Next, the membranes
were incubated overnight at 4 °C with primary antibodies for
anti-FSHR Ab (no. 22665-1-AP, 1:1000; Protein Tech,

Chicago, IL), anti-Smad 1/5/8 Ab (N-18-R, 1:5000; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
antiphospho-Smad 1/5/8 Ab (no. 9511, 1:500; Cell
Signaling Technology, Inc., Danvers, MA), anti-p38 MAPK
Ab (sc-7149, 1:500; Santa Cruz Biotechnology, Inc.),
antiphospho-p38MAPK Ab (no. 4511, 1:1000; Cell
Signaling Technology, Inc.), anti-USF1 Ab (no. 32414,
1:1000; Signalway Antibody LLC, College Park, MD,
USA), and antiphospho-USF1 Ab (no. 12651, 1:1000;
Signalway Antibody LLC), and anti-actin (1:10000; no.
017–24573, Wako Pure Chemical Industries Ltd., Tokyo,
Japan). Membranes were washed three times with Tween/
PBS for 10 min, and then incubated with anti-rabbit immuno-
globulin G (IgG) (1:1000; Cell Signaling Technology) for 1 h.
Finally, membranes were treated with ECL-Western blot de-
tecting reagent (Amersham Biosciences Corp., Piscataway,
NJ) for visualization and analyzed using the public domain
ImageJ program version v1.50i (https://imagej.nih.gov/ij/).
The bands were quantified by densitometry and normalized
to the appropriate loading controls.

ChIP-qPCR

The levels of acetylation of histone and transcriptional fac-
tor binding to the promoters of FSHR genes were evaluated
by the chromatin immunoprecipitation (ChIP) assay. ChIP
experiments were performed using the ChIP-IT Express
Enzymatic kit (Active motif, Carlsbad, CA, USA).
Briefly, 1.5 × 107 HGrC1 cells were cultured in DMEM
without FBS for overnight. Then, the cells were treated
with or without 200 ng/ml TSA for 24 h. The cells were
also stimulated with or without 250 ng/ml BMP15 for 24 h.
The cells were then fixed by 1% formaldehyde at room
temperature for 10 min and were lysed using a Dounce
homogenizer. The fixed chromatin was further subjected
to enzymatic digestion. Fifty microliters of the soluble
chromatin were removed to check the DNA concentration
and for confirmation that the chromatin had been sheared
correctly using gel electrophoresis. Equal amounts of
digested chromatin were used for each immunoprecipita-
tion with the respective antibodies against transcription
factors or histone modifications. Antibodies for histone 3
lysine 9 acetylation (H3K9ac), histone 3 lysine 14 acetyla-
tion (H3K14ac), histone 4 lysine 8 acetylation (H4K8ac),
histone 4 lysine 12 acetylation (H4K12ac), histone 4 lysine
16 acetylation (H4K16ac), upstream stimulatory factor 1
and 2 (USF1 and USF2), and normal rabbit IgG (negative
control) were used. After washing the precipitated com-
plexes, the cross-linking of DNA and proteins was re-
versed by heating the samples at 95 °C for 15 min.
Samples were then digested with proteinase K at 37 °C
for 1 h. Real-time PCR analyses were performed on the
ChIP-precipitated DNA and input DNA. The expression
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levels of the FSHR gene promoter region was calculated
using 2−ΔΔCt technique. The values were normalized

according to the percent input method, where each values
are divided by the values obtained from an input sample,
thereby producing data as % input (formula for % input:
100 × 2^(Ct(adjusted input) − Ct(IP)). This data shows the

Fig. 1 TSA induces FSHR expression in HGrC1. a HGrC1 cells were
treated with 0–1000 ng/ml for 48 h. TSA induced FSHR mRNA
expression in a concentration-dependent manner. b ChIP-qPCR: Five
histone (H3K9, H3K14, H4K8, H4K12, and H4K16) modifications
were compared in HGrC1 cells with or without 200 ng/ml TSA for
24 h. Acetylation at H3K9, H3K14, and H4K8 were significantly
elevated with TSA stimulation. c ChIP-qPCR: transcriptional factor
(USF1 and USF2) binding to the FSHR promoter region were analyzed
in HGrC1 cells with or without 200 ng/ml TSA for 24 h. Both
transcriptional factor binding were significantly elevated with TSA
stimulation. All data are shown as mean ± SD of three experiments. *
p < 0.05 vs. control. TSA trichostatin A
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relative binding of the specific histone/transcription factor
to the FSHR gene promoter region.

The primers for the FSHR gene promoter region were 5′
AGC TTA TCT TGC CTG GAA 3′ (forward) and 5′ TCT
GAC TTG AGA ACT GGT AG 3′ (reverse). Antibodies for
H3K9ac, H3K14ac, H4K8ac, H4K12ac, and H4K16ac were
obtained from Active Motif. Antibodies for USF1 and USF2
were obtained from Santa Cruz Biotechnology Inc.
Antibodies for normal rabbit IgG was obtained from Cell
Signaling Technology, Inc.

HAT activity assays

The confluent HGrC1 cells obtained from 100 mm tissue cul-
ture dishes were cultured in DMEM overnight without FBS.
Later, the cells were stimulated with or without 250 ng/ml
BMP15, 10 μM SB203580, or 10 μM LDN193189 for
24 h. Nuclear extract of the stimulated cells was prepared
using the nuclear extraction kit (BioVision, Mountain View,
CA) following the manufacturer’s protocol. Activity of his-
tone acetyltransferases (HAT) in the nuclear fraction was
quantified by an ELISA kit (BioVision) according to the man-
ufacturer’s instructions and was read by an enzyme micro-
plate reader (Viento808IU; BioTek Instruments, Inc.,
Winooski, VT, USA) at 440 nm.

ECLIA

The confluent HGrC1 cells on 6-well multi-dishes were cul-
tured in DMEMwithout FBS overnight. Subsequently, 10μM
androstenedione was added in the culture medium, and the
cells were treated with or without 500 ng/ml BMP15 or
5 IU/ml human recombinant FSH for 48 h, to detect the pres-
ence of estradiol in the culture medium. Estradiol concentra-
t i o n s i n t h e med i um we r e ana l y z ed by us i ng
electrochemiluminescent immunoassay (ECLIA) by SRL,
INC. (Tokyo, Japan).

Statistical analysis

All experiments were repeated thrice, and data represent mean
± SD. All data were analyzed by SPSS software, (SPSS

version 24, Chicago, IL, USA). Statistical tests used in this
study were t test, Mann–Whitney U test, Welch’s t test, and
one-way ANOVA. p < 0.05 was considered statistically
significant.

Results

Effects of TSA on FSHR expression in HGrC1 cells

We examined the effects of histone modification on FSHR
expression by stimulating HGrC1 cells with TSA. TSA sig-
nificantly induced FSHR mRNA expression in a dose-
dependent manner (Fig. 1a). Five histone modifications,
namely H3K9ac, H3K14ac, H4K8ac, H4K12ac, and
H4K16ac were studied by ChIP analysis to examine the ef-
fects of TSA. These acetylation sites have been reported to be
differently involved in the control of the LHR gene expression
in a cell type–specific manner [3]. TSA significantly elevated
the acetylation levels of H3K9, H3K14, and H4K8 (Fig. 1b).
USF1 and USF2 are known to bind to the FSHR promoter
region and act as the key transcription factors for the FSHR
gene [23]. Our results of ChIP assays indicated that TSA sig-
nificantly increased both USF1 and USF2 binding to the
FSHR promoter (Fig. 1c). These results suggest that human
FSHR mRNA expression is upregulated by histone acetyla-
tion at the FSHR promoter region, which allows increased
binding of transcription factors USF1/2.

Effects of BMP15 on FSHR expression in HGrC1 cells

BMP15, produced by the oocytes, has been reported to play a
key role in follicle development [11]. We therefore examined
the effects of BMP15 on FSHR expression in HGrC1 cells.
FSHR mRNA expression was significantly increased with
BMP15 treatment in a dose-dependent manner (Fig. 2a).
ChIP analysis showed that acetylation at H3K9 was elevated
with BMP15 in HGrC1 cells, similar to the effects of TSA
(Fig. 2b). USF1 and USF2 binding to the FSHR promoter
region were both elevated with BMP15 (Fig. 2c). FSHR pro-
tein expression was also increased with BMP15, whereas
costimulation with SB203580 and LDN193189 suppressed
the induction by BMP15 (Fig. 3a). LDN193189, which acts
as a BMP15 receptor blocker, suppressed BMP15-induced
FSHR expression to control level. However, SB203580, a
p38 inhibitor, suppressed BMP15-induced FSHR expression
to a lesser extent.

Effects of BMP15 on the Smad pathway

To examine how BMP15 induces gene transcription
through the Smad pathway, Smad 1/5/8 phosphorylation,
HAT activity, and histone modifications were studied.

�Fig. 2 BMP15 induces FSHR expression in HGrC1. aHGrC1 cells were
treated 0–500 ng/ml BMP15 for 48 h. BMP15 induced FSHR mRNA
expression in a concentration-dependent manner. b ChIP-qPCR: five his-
tone (H3K9, H3K14, H4K8, H4K12, and H4K16) modifications were
compared in HGrC1 cells with or without 250 ng/ml BMP15 for 24 h.
Acetylation at H3K9 was significantly elevated with BMP15. c ChIP-
qPCR: USF1 and USF2 binding to the FSHR promoter region were
analyzed in HGrC1 cells with or without 250 ng/ml BMP15 for 24 h.
Both transcriptional factor binding were significantly elevated with
BMP15 stimulation. Data are shown as mean ± SD of three experiments.
* p < 0.05
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Fig. 3 BMP15 induces the Smad and non-Smad pathway. a HGrC1 cells
were treated with or without 500 ng/ml BMP15, 10 μM LDN193189, or
10 μM SB203580 for 48 h. BMP15 increased FSHR protein expression.
However, LDN193189 suppressed the effect, similar to that of the
control. SB203580 suppressed the effect but to a lesser extent as com-
pared to LDN193189. b HGrC1 cells were treated with or without
500 ng/ml BMP15 for 0–90 min. The cells were pretreated with
LDN193189 and SB203580 for 2 h. BMP15 increased phosphorylation
of Smad 1/5/8. The effect was inhibited by LDN193189, but not by
SB203580. c HGrC1 cells were stimulated with or without 250 ng/ml
BMP15, 10 μM SB203580, or 10 μM LDN193189 for 24 h. BMP15

significantly increased HAT activity compared to the control. The effect
was inhibited by LDN193189, but not by SB203580. Data are shown as
mean ± SD of three experiments. * p < 0.05. d BMP15 increased phos-
phorylation of p38 MAPK, whereas the addition of LDN193189 sup-
pressed this effect. SB203580 addition exerted no effect. e BMP15 in-
creased phosphorylation of USF1, whereas the addition of LDN193189
suppressed this effect. SB addition suppressed BMP15-induced phos-
phorylation of USF1. In Western blotting, we analyzed the ratio of
FSHR to actin, p-Smad 1/5/8 to Smad 1/5/8, p-p38 to p38, and p-USF1
to USF1 by using ImageJ to show densitometry
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BMP15 increased phosphorylation of Smad 1/5/8; this ef-
fect was subsequently inhibited by LDN193189 (Fig. 3b).
However, SB203580 did not alter the effects of BMP15 on
Smad 1/5/8. Furthermore, HAT activity was significantly
increased with BMP15, which was inhibi ted by
LDN193189 but remained unchanged by SB203580 (Fig.
3c). These results suggest that through the phosphorylation
of Smad 1/5/8, BMP15 induces HAT activity, resulting in
histone modifications that are favorable for FSHR
expression.

Effects of BMP15 on the non-Smad pathway
and downstream effectors of FSHR

To examine how BMP15 induces gene transcription
through the non-Smad pathway, the effects of BMP15 on
p38 MAPK and USF1 were analyzed. Phosphorylation of
p38 MAPK was suppressed by LDN193189, whereas

SB203580 d id no t show th i s e f f ec t (F ig . 3d ) .
Phosphorylation of USF1 was increased by BMP15,
whereas the addition of LDN193189 and SB203580 both
suppressed this effect (Fig. 3e). SB203580 is reported to
suppress the downstream targets of phosphorylated p38,
without affecting the phosphorylation of p38 (Fig. 3d)
[24].

FSH acts exclusively through the FSHR [25]. FSH is
known to induce CYP19A1, which is a key enzyme in
converting androstenedione to estradiol [26]. BMP15 sig-
nificantly induced CYP19A1 mRNA levels. Additive ef-
fects were seen with BMP15 and FSH (Fig. 4a). Estradiol
production was increased with BMP15 stimulation (Fig.
4b).

Discussion

The purpose of the present study was to examine the mo-
lecular mechanism and its link to the epigenetic machinery
necessary for BMP 15-induced FSHR expression in human
granulosa cells. We demonstrated that BMP15 increases
FSHR mRNA expression through both the Smad pathway
and non-Smad p38 MAPK pathways. For the transcription
factor of FSHR (USF1) to bind to the FSHR promoter re-
gion, the promoter region DNA must be structurally acces-
sible and USF1 must be phosphorylated. Through the
Smad pathway, BMP15 phosphorylates Smad 1/5/8 to epi-
genetically alter the DNA structure such that it favors
USF1 binding. Through the non-Smad p38 MAPK path-
way, BMP15 induces the phosphorylation of USF1, which
is necessary for USF1 binding.

BMP15 is a follicle growth factor derived from oocytes
that is reported to be involved in the regulation of FSHR
expression [21, 22]. Dimeric BMP ligands bind to type II
receptors (BMPRII, ActRIIa, and ActRIIb) to phosphory-
late type I receptors (ALK2, ALK3, and ALK6). These
activated receptors transfer signals by phosphorylating
the transcription factors Smad 1/5/8. The phosphorylated
Smads form a heterodimeric complex with Smad 4 in the
nucleus, and this complex modulates gene expression.
Besides Smads, growing evidence imply that MAPKs are
involved in transmitting intracellular signaling of BMPs
[27]. It has been reported that LDN193189 (an ALK 2, 3
antagonist) inhibits both Smads and p38 MAPK pathways
[28].

Recently, epigenetic regulations, such as histone modi-
fication and DNA methylation, have been studied for reg-
ulating gene expression. Acetylation of histones mainly
makes the chromatin structure accessible and promotes
transcription [5]. Studies using human cancer cell lines
demonstrated that an epigenetic regulatory step is a crucial
mechanism in LHR expression [2, 3], which possesses a

Fig. 4 BMP15 induces the downstream effectors of FSHR. a The HGrC1
cells were treated with or without 500 ng/ml BMP15 or 5 IU/ml human
recombinant FSH for 48 h, after 10μMandrostenedione was added in the
culture medium. The HGrC1 cells were stimulated, after 10 μM
androstenedione was added in the culture medium. BMP15 increased
CYP19A1 mRNA expression, while increase with FSH was minimal.
Additive effects of BMP15 and FSH were observed. b BMP15 increased
estradiol production. All data are shown as mean ± SD of three
experiments. **p < 0.001 vs. control
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pronounced structural similarity to the FSHR. In our study,
TSA (a histone deacetylase inhibitor) induced FSHR
mRNA expression in HGrC1 cells with increasing histone
acetylation and transcription factor USF1/2 binding at the
FSHR promoter region (Fig. 1). The Smad pathway is
linked with histone acetylation BMP signaling [13]. In
our study, BMP15 increased Smad 1/5/8 phosphorylation
(Fig. 3b) and HAT activity (Fig. 3c). BMP15 increased
acetylation of histone H3 and H4 at the FSHR promoter
region (Fig. 2b) and increased the binding of USF1/2 to the
FSHR promoter region (Fig. 2c). These results suggest that
BMP15 may have increased acetylation of histones at the
FSHR promoter region, via Smad 1/5/8 phosphorylation,
modifying the chromatin structure of the FSHR promoter
region to be favorable for USF1/2 binding, resulting in
increased FSHR expression. BMP15 may be a physiolog-
ical key mediator for the epigenetic regulation of FSHR
expression.

BMP15 increased phosphorylation of p38 MAPK and
USF1 (Fig. 3d). p38 MAPK has been demonstrated to be
an important downstream effector of BMPs in cells other
than granulosa cells [18]. USF1 has been also demonstrat-
ed to be a downstream target of activated p38 MAPK,
leading to the appearance of a phosphorylated USF1 form
[19, 20]. Our results showed that BMP15 elevated the
phosphorylation levels of USF1/2 by activating the non-
Smad p38 MAPK pathway. Through the increased binding
of USF1/2, in addition to its elevated phosphorylation,
BMP15 may activate USF1/2-mediated transcription,
resulting in enhanced FSHR expression.

Furthermore, we assessed the downstream effectors of
the FSHR. FSH signaling is known to act exclusively

through the FSHR. FSH increases estradiol production
from granulosa cells of growing follicles, primarily by in-
ducing CYP19A1. CYP19A1 is the key aromatase which
converts androstenedione to estradiol. The addition of FSH
to the culture medium slightly elevated CYP19A1 mRNA
expression levels in HGrC1 cells, whereas BMP15 showed
a significant elevation (Fig. 4a). Since basal activity of the
FSH signaling may have already been present in the con-
trol group, the addition of FSH slightly increased FSH-
induced CYP19A1 expression. BMP15 may have been
able to significantly increase CYP19A1 expression
through its ability to increase FSHR, allowing accelerated
FSH signaling. Consequently, the stimulation with both
BMP15 and FSH resulted in inducing CYP19A1 expres-
sion levels further, showing an additive effect. As a result,
estradiol production was also shown to be elevated (Fig.
4b). However, the elevation and additive effect may have
been muted because estradiol production occurs consider-
ably downstream from BMP15 signaling, making its detec-
tion using the cell culture technique difficult.

Our study is limited, in that the in vivo effects were not
examined. However, our in vitro results provide valuable
information for transition to clinical treatment. Although
TSA, a non-specific histone deacetylase inhibitor, signifi-
cantly elevated FSHR expression, it may not yet be prac-
ticable for clinical use due to its possible adverse effects.
Our study pointed out that BMP15, a biological signaling
factor with a major role in the ovaries, produces epigenetic
effects related to the expression of FSHR, and may be
efficacious as a biological substitute of TSA. However,
we could only demonstrate that BMP15 induces increased
binding of USF1/2, rather than the phosphorylated

Fig. 5 The mechanism of BMP15-induced FSHR expression through the
Smad and non-Smad pathway. For the transcription factor of FSHR
(USF1) to bind to the FSHR promoter region, the promoter region
DNA must be structurally accessible and USF1 must be phosphorylated.

Through the Smad pathway, BMP15 phosphorylates Smad 1/5/8 to
epigenetically alter the DNA structure favorably for binding of USF1 to
FSHR. Through the non-Smad p38 MAPK pathway, BMP15 induces the
phosphorylation of USF1 necessary for binding to FSHR
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USF1/2, because there are no commercial phosphorylated
USF antibodies, which could be used for the ChIP test.
Subsequent in vivo studies are being planned.

The induction of FSHR expression in granulosa cells by
the BMP15-induced pathways may be valuable for ovarian
tissue culture to induce follicular growth ex-vivo. It may
also be effective for IVF treatments in Bpoor responders,^
who are typically unresponsive to FSH, resulting in retriev-
al of few, if not any, oocytes. By inducing FSHR in the
residual ovarian follicles, more mature follicles may be
induced for oocyte retrieval. It is well known that most
chemotherapeutic agents are toxic to growing follicles,
leading to ovarian follicle depletion. Therefore, early and
increased follicle induction may be achieved via BMP-
induced pathways for oncofertility patients who require
immediate chemotherapy after oocyte retrieval. The
BMP-induced pathways may on the other hand also be
inhibited in order to suppress follicular growth during
chemotherapy.

In conclusion, BMP15 induces FSHR expression in hu-
man granulosa cells through Smad and non-Smad path-
ways (Fig. 5), leading to increased follicular growth and
oocyte ovulation. This mechanism of FSHR induction by
BMP15 may be utilized for controlling follicular growth,
both in induction and in suppression.
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