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In the present study, we investigated the cellular mechanism
by which oocytes and bone morphogenetic proteins (BMPs)
govern FSH-induced steroidogenesis using rat primary gran-
ulosa cells. BMP-6 and BMP-7 both inhibited FSH- and fors-
kolin (FSK)-induced progesterone synthesis and reduced
cAMP synthesis independent of the presence or absence of
oocytes. BMP-7 also increased FSH-induced estradiol produc-
tion, and the response was further augmented in the presence
of oocytes. In contrast, BMP-6 had no impact on estradiol
synthesis regardless of the presence of oocytes. Because
BMP-7 changed neither FSK- nor cAMP-induced estradiol
production, the BMP-7 action was mediated through a FSH
receptor signaling mechanism that was independent of cAMP-
protein kinase A pathway. Treatment with FSH but not cAMP
activated ERK1/2 phosphorylation in granulosa cells, which

was further accelerated by oocytes. A specific ERK inhibitor,
U0126, increased estradiol production and decreased FSH-
and FSK-induced progesterone production and cAMP synthe-
sis. This suggests that ERK activation is directly linked to
inhibition of estradiol synthesis and amplification of cAMP.
Moreover, FSH-induced ERK1/2 phosphorylation was inhib-
ited by BMP-7 but not influenced by BMP-6. In contrast, BMP
signaling including Smad1/5/8 phosphorylation and Id-1 tran-
scription was up-regulated by FSH and oocytes in granulosa
cells through inhibition of Smad6/7 expression. Collectively,
oocytes enhance FSH-induced MAPK activation and BMP sig-
naling in granulosa cells, which leads to differential regula-
tion of steroidogenesis elicited by BMPs in the presence of
FSH in developing follicles. (Endocrinology 148: 337-345,2007)

ORMAL FOLLICULAR DEVELOPMENT is controlled
by gonadotropins and by ovarian autocrine/para-
crine factors. Of these autocrine/paracrine factors, recent
studies have established the concept that the bone morpho-
genetic proteins (BMPs), members of the TGF- superfamily,
play a key role in female fertility in mammals by regulating
steroidogenesis and mitogenesis in granulosa cells (1, 2).
The major regulatory process by BMPs in steroidogenesis
is the control of FSH receptor signaling. Oocyte/granulosa-
derived BMP-6 inhibits FSH-induced progesterone synthesis
through suppression of cellular cAMP synthesis (3). Another
key factor, BMP-15, which is specifically expressed by oo-
cytes in the ovary, also suppresses FSH action by inhibiting
FSH receptor expression (4). Likewise, growth differentia-
tion factor-9 (GDF-9), which is oocyte-derived and shares the
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highest homology with BMP-15, also inhibits FSH-induced
steroidogenesis and LH receptor expression in rat granulosa
cells (5). In contrast to the in vitro actions of BMP-6 and
BMP-15 on steroidogenesis, theca-derived BMP-4 and BMP-7
elicit stimulating effects on FSH-induced estradiol produc-
tion in addition to a common BMP effect: luteinizing inhi-
bition that suppresses FSH-induced progesterone produc-
tion in rat primary granulosa cells (6, 7). Despite the
recognition of the physiological importance of the BMP sys-
tem in regulation of FSH action in the ovary, the mechanism
of how the BMP effects are linked to oocyte function and FSH
receptor signaling remains poorly understood. Recent stud-
ies have introduced the concept that communication net-
works between oocytes and somatic follicular cells are crucial
not only for the oocyte maturation but also for the growth
and differentiation of surrounding granulosa cells (8, 9).
Vanderhyden and colleagues (10-12) demonstrated a key
role for oocytes in enhancing estradiol and suppressing pro-
gesterone production induced by FSH using mouse granu-
losa cells. We have also discovered that oocytes are obliga-
tory for estrogen-dependent augmentation of FSH action in
rat granulosa cells (13). However, the detailed mechanism of
oocyte-somatic cell interaction for steroidogenesis remains
uncertain.

The experiments of the present study were designed to
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elucidate the molecular mechanism of the integration of ste-
roidogenesis performed through “oocyte-granulosa cell
communication” using rat primary granulosa cells focusing
on effects of BMP-6 and BMP-7.

Materials and Methods
Reagents and supplies

Female Sprague Dawley rats were purchased from Charles-River
(Wilmington, MA). Medium 199, McCoy’s 5A medium, and HEPES
buffer solution were purchased from Invitrogen Corp. (Carlsbad, CA).
Diethylstilbestrol (DES), ovine pituitary FSH, forskolin (FSK), N°,0*
dibutyryl adenosine-3',5'-cyclic monophosphate monosodium salt (Bt-
cAMP), 4-androstene-3,17-dione, 3-isobutyl-1-methylxanthine (IBMX),
BSA, and penicillin-streptomycin solution were from Sigma-Aldrich Co.
Ltd. (St. Louis, MO). Recombinant human BMP-6 and BMP-7 were
purchased from R&D Systems (Minneapolis, MN), and U0126 was from
Promega Co. (Madison, WI). Human ovary total RNA was purchased
from Stratagene Inc. (La Jolla, CA). Plasmids of Id-1-Luc were kindly
provided from Drs. Tetsuro Watabe and Kohei Miyazono (Tokyo Uni-
versity, Tokyo, Japan).

Rat primary granulosa cell culture and coculture with
oocytes

Female 22-d-old Sprague Dawley rats were implanted with silastic
capsules containing 10 mg of DES to increase granulosa cell number.
After 4 d of DES exposure, the ovarian follicles were punctured with a
28-gauge needle, and the isolated mixture of granulosa cells and oocytes
was cultured for 48 h in serum-free McCoy’s 5A medium supplemented
with penicillin-streptomycin at 37 C in an atmosphere of 5% CO,. Gran-
ulosa cell and oocyte numbers were counted in the oocyte /granulosa cell
suspension which was filtered by cell strainers (100-pwm nylon mesh; BD
Falcon, Bedford, MA) to eliminate cell aggregation. For indicated ex-
periments, granulosa cells were separated from oocytes by filtering the
oocyte/granulosa cell suspension through additional 40-um nylon mesh
(BD Falcon) that allowed granulosa cells but not oocytes to pass through
(14). The purified granulosa cells were cultured in serum-free McCoy’s
5A medium as described above. The animal protocols were approved by
Okayama University Institutional Animal Care and Use Committee.

Steroid and cAMP measurements

Rat granulosa cells (1 X 10° viable cells in 200 pl) with or without
oocytes (100 oocytes/ml) were cultured in 96-well plates with serum-
free McCoy’s 5A medium containing 100 nm of androstenedione [a
substrate for P450 aromatase (P450arom)]. FSH (10-100 ng/ml), FSK (10
uM), and BtcAMP (1 mm) were added to the culture medium either alone
or with a combination of BMPs (10-100 ng/ml) and U0126 (1-3 um).
After a 48-h culture, the culture media was collected and stored at —80
C until assay. The levels of progesterone and estradiol in the media were
determined by RIA (Schering Co., Osaka, Japan). Steroid contents were
undetectable (progesterone < 0.1 ng/ml and estradiol < 8 pg/ml) in
cell-free medium. To assess cellular cAMP synthesis, rat granulosa cells
(1 X 10° viable cells in 200 1) with or without oocytes (100 oocytes/ml)
were cultured in 96-well plates with serum-free McCoy’s 5A medium
containing 0.1 mm of IBMX (specific inhibitor of phosphodiesterase
activity). After 48-h culture with indicated treatments, the conditioned
medium was collected and stored at —80 C until assay. The extracellular
contents of cAMP were determined by enzyme immunoassay (Sigma-
Aldrich Co. Ltd.) after the acetylation of each sample with assay sen-
sitivity of 0.039 nm.

RNA extraction, reverse transcription, and quantitative
real-time PCR

Rat granulosa cells (5 X 10° viable cells in 1 ml) with or without
oocytes (100 oocytes/ml) were cultured in 12-well plate with serum-free
McCoy’s 5A medium. FSH (30 ng/ml), FSK (10 um), and BtcAMP (1 mm)
were added to the culture medium either alone or with a combination
of BMP-6 and BMP-7 (100 ng/ml). After a 48-h culture, the medium was

Miyoshi et al. ® Oocyte and BMP Signaling in Ovarian Steroidogenesis

removed and total cellular RNA was extracted using TRIzol (Invitrogen
Corp.). Total RNA was quantified by measuring the absorbance of the
sample at 260 nm, and stored at —80 C until assay. Oligonucleotides used
for RT-PCR were custom-ordered from Kurabo Biomedical Co. (Osaka,
Japan). PCR primer pairs were selected from different exons of the
corresponding genes as follows: P450arom, 1180-1200 and 1461-1481
(from GenBank accession #M33986); steroidogenic acute regulatory pro-
tein (StAR), 395-415 and 703-723 (AB001349); activin receptor-like ki-
nase (ALK)-2,599-621 and 893-915 (Z222534); ALK-3, 426—445 and 916—
935 (NM_009758); ALK-6, 792—-813 and 10341053 (NM_007560); activin
type II receptor (ActRII), 611-630 and 1083-1102 (NM_007396); BMP
type 1I receptor (BMPRII), 13-32 and 515-534 (NM_007561); Smadl,
722-743 and 1037-1058 (U59912); Smad4, 526-546 and 853-874
(NM_005359); Smad5, 806—828 and 1232-1253 (NM_005903); Smads6,
1717-1737 and 1861-1881 (NM_005585); Smad?7, 763783 and 1179-1199
(NM_005904); Smad8, 420—440 and 687-707 (AF012347); and ribosomal
protein L19 (RPL19), 401-421 and 575-595 (J02650). The extracted RNA
(1 pg) was subjected to a reverse transcription reaction using First-
Strand cDNA Synthesis System (Invitrogen Corp.) with random hex-
amer (2 ng/ul), reverse transcriptase (200 U), and deoxynucleotide
triphosphate (0.5 mm) at 42 C for 50 min, 70 C for 10 min. For the
quantification of each mRNA expression, real-time PCR was performed
using LightCycler-FastStart DNA master SYBR Green I system (Roche
Diagnostic Co., Tokyo, Japan) under the condition of annealing at 60—62
C with 4 mm MgCl, following the manufacturer’s protocol. Accumu-
lated levels of fluorescence during amplification were analyzed by the
second-derivative method after the melting-curve analysis (Roche Di-
agnostic Co.), and then the expression levels of target genes were stan-
dardized by RPL19 level in each sample.

Immunoblot analysis of phosphorylated proteins

Rat granulosa cells (5 X 10° viable cells in 1 ml) were cultured with
or without oocytes (100 oocytes/ml) in 12-well plates in serum-free
McCoy’s 5A medium. After a 3-h preculture, cells were treated with FSH
(30-100 ng/ml) or BtcAMP (1 mm) for 1 h in the presence or absence of
U0126 (3 pum). In indicated experiments, cells were treated with FSH
(30-100 ng/ml) either alone or combination of BMP-6 and BMP-7 (100
ng/ml) for 1 h. Cells were then solubilized in 100 ul RIPA lysis buffer
(Upstate Biotechnology, Lake Placid, NY) containing 1 mm NazVO,, 1
mm NaF, 2% SDS, and 4% B-mercaptoethanol. The cell lysates were then
subjected to SDS-PAGE immunoblotting analysis using anti-phospho-
and anti-total-ERK1/2 MAPK antibodies (Cell Signaling Technology,
Inc., Beverly, MA), and anti-phospho-Smad1/5/8 antibody (Cell Sig-
naling Technology, Inc.). The relative integrated density of each protein
band was digitized by NIH image J 1.34s.

Transient transfection and luciferase assay

Rat granulosa cells (5 X 10° viable cells in 1 ml) were cultured with
or without oocytes (100 oocytes/ml) in 12-well plates in McCoy’s 5A
medium. After a 3-h preculture, the cells were transiently transfected
with 500 ng of luciferase reporter plasmid Id-1-Luc and 50 ng of cyto-
megalovirus-B-galactosidase plasmid (pCMV-B-gal) using FuGENE 6
(Roche Molecular Biochemicals, Indianapolis, IN). After transfection,
cells were treated with or without FSH (100 ng/ml) in combination with
BMP-6 and BMP-7 (100 ng/ml) for 24 h. The cells were then washed with
PBS and lysed with Cell Culture Lysis Reagent (TOYOBO, Osaka, Japan).
Luciferase activity and p-galactosidase (Bgal) activity of the cell lysate
were measured by luminescencer-PSN (ATTO, Tokyo, Japan). The data
were shown as the ratio of luciferase to Bgal activity.

Statistical analysis

All results are shown as mean * sem of data from at least three
separate experiments, each performed with triplicate samples. Differ-
ences between groups were analyzed for statistical significance using
ANOVA with Fisher’s protected least significant difference test (Stat-
View 5.0 software; Abacus Concepts, Inc., Berkeley, CA). P values less
than 0.05 were accepted as statistically significant.
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Results

We first examined oocyte effects on steroidogenesis reg-
ulated by BMP-6 and BMP-7 using rat primary granulosa
cells. In preliminary studies, ovine FSH (30 ng/ml) elicited
equivalent effects on steroid production as those induced by
FSK (10 puMm) and BtcAMP (1 mm). As shown in Fig. 1A,
BMP-7 increased FSH-induced estradiol production in a con-
centration-dependent manner and BMP-6 had no significant
effect on FSH-induced estradiol. Coculture with oocytes sig-
nificantly up-regulated the effects of BMP-7 on FSH-induced
estradiol production (Fig. 1A). However, in contrast to the
effects induced by FSH, neither of BMP-6 and BMP-7 had any
impact on estradiol levels induced by FSK and BtcAMP (Fig.

A ® Oocyte +
3000'_ O Oocyte -
= 2500
B J
=) 2
2 2000_
S 15001
E 1000 A
] E
ot
g 5001
0..
FSH (30 ng/ml) - + o+ o+ o+ + o+ o+ o+
BMP-6(ngm) 0 O 10 30100 0 0 O O
BMP-7 (ng/miy 0O 0 0 0 O 0 10 30 100
B
3000 +
— 1 @® Oocyte +
E 2500 1 OOOCYte-
2  2000-
O 1500
'U E
S 10001
Mt 4
"’ o0 080 ghg
w 500 M Sl s m B = M
(1 b0 e
FSK@ouym) - + + + + + + - - - - - -
BtcAMP (1 mm)- - - - - - - 4+ + + + + +
BMP-6(ngm)y) O O 10100 O O O O 10100 O 0O O
BMP-7ngm) 0O 0O O 0 O 101000 O O O 10 100

Fic. 1. Effects of oocytes and BMPs on FSH-induced estradiol pro-
duction by rat granulosa cells. Rat granulosa cells (1 X 10° viable cells
in 200 ul) were cultured with or without oocytes (100 oocytes/ml). The
cells were treated with FSH (30 ng/ml) (A) or FSK (FSK; 10 um) or
BtcAMP (1 mM) (B) in serum-free medium containing 100 nM andro-
stenedione (a substrate for P450arom) either alone or with a combi-
nation of BMP-6 and BMP-7 (10—-100 ng/ml). After a 48-h culture, the
culture media was collected and estradiol levels were determined by
RIA. Results show the mean * SEM of data performed with triplicate
treatments; **, P < 0.01 and *, P < 0.05 vs. basal levels treated with
FSH or between the indicated groups.
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1B). Thus, BMP-7 specifically activated estradiol production
induced by FSH in cooperation with oocytes.

BMP-6 and BMP-7 inhibited FSH- and FSK-induced pro-
gesterone production in a dose-dependent manner. The pres-
ence or absence of oocytes in the cultures had no effect on the
actions by BMP-6 and BMP-7 (Fig. 2, A and B). In contrast to
their effects on FSH and FSK induction of progesterone syn-
thesis, neither BMP-6 nor BMP-7 had any effect on BtcAMP-
induced progesterone levels (Fig. 2B). To confirm whether
the effects of BMP-6 and -7 were involved in the expression
changes of steroidogenetic factors, levels of mRNA encoding
P450arom and StAR, a key molecule for regulating proges-
terone production in granulosa cells (7), were examined by
quantitative real-time PCR. Consistent with its effects on
estrogen production, BMP-7 up-regulated P450arom mRNA
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Fic. 2. Effects of oocytes and BMPs on FSH-induced progesterone
production. A, Rat granulosa cells (1 X 10° viable cells in 200 ul) were
cultured with or without oocytes (100 oocytes/ml). The cells were
treated with FSH (30 ng/ml) (A) or FSK (10 uM) or BtcAMP (1 mm)
(B)in the culture medium either alone or with a combination of BMP-6
and BMP-7 (10-100 ng/ml). After a 48-h culture, the culture media
was collected and progesterone levels were determined by RIA. Re-
sults show the mean * SEM of data performed with triplicate treat-
ments; **, P < 0.01 and *, P < 0.05 vs. basal levels treated with FSH
or FSK.
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expression induced by FSH, which was further increased
(P = 0.0323) in the presence with oocytes (Fig. 3A). In con-
trast, BMP-6 had no effect on FSH-induced P450arom ex-
pression regardless of the presence of oocytes (Fig. 3A). StAR
mRNA levels induced by FSH were significantly suppressed
by both BMP-6 and BMP-7 regardless of oocyte actions (Fig.
3B). Thus, the BMP effects in regulating steroidogenesis were
accompanied by transcriptional changes of P450arom and
StAR in granulosa cells.
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Fia. 3. Effects of oocytes and BMPs on FSH-induced P450arom and
StARmRNA. Rat primary granulosa cells (5 X 10° viable cells in 1 ml)
were cultured with or without oocytes (100 oocytes/ml) in serum-free
medium containing 100 nM of androstenedione (a substrate for
P450arom). The cells were treated with FSH (30 ng/ml) either alone
or with a combination of BMP-6 and BMP-7 (100 ng/ml). After a 48-h
culture, total cellular RNA was extracted. For the quantification of
P450arom (A) and StAR (B) mRNA levels, real-time PCR was per-
formed using LightCycler-FastStart DNA master SYBR Green I sys-
tem (Roche Diagnostic Co.). Accumulated levels of fluorescence were
analyzed by the second-derivative method after the melting-curve
analysis (Roche Diagnostic Co.) and the expression levels of target
genes were standardized by RPL19 level in each sample. Results show
the mean *+ SEM of data performed with triplicate treatments; ** P <
0.01 and *, P < 0.05 vs. control or between the indicated groups.
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To investigate the effects of cAMP-protein kinase A signal
activation, cellular production of cAMP by granulosa cells
was examined in conditioned medium from granulosa cells
cultured with FSH, FSK, and BMPs in the presence or absence
of oocytes. As shown in Fig. 4, cAMP production induced by
FSH (Fig. 4A) and FSK (Fig. 4B) was inhibited by BMP-6 and
BMP-7 regardless of the presence or absence of oocytes. Thus,
the inhibitory effects of BMP-6 and BMP-7 on cAMP syn-
thesis were in parallel with the reduction in progesterone
production.

Recent studies have highlighted the involvement of
MAPK activation in the regulation of steroidogenesis by FSH
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Fic. 4. Effects of oocytes and BMPs on FSH-induced cAMP produc-
tion. A, Rat granulosa cells (1 X 10° viable cells in 200 ul) were
cultured with or without oocytes (100 oocytes/ml) in serum-free me-
dium containing 0.1 mM of IBMX. Cells were treated with FSH (30
ng/ml) (A) or FSK (10 um) (B) either alone or with a combination of
BMP-6 and BMP-7 (100 ng/ml). After a 48-h culture, the conditioned
medium was collected and the extracellular contents of cAMP were
determined by enzyme immunoassay after the acetylation of each
sample. Results show the mean * SEM of data performed with trip-
licate treatments; **, P < 0.01 and *, P < 0.05 vs. control or between
the indicated groups.
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in granulosa cells (15-22). As shown in Fig. 5A, FSH activated
ERK1/2 phosphorylation, whereas BtcAMP treatment did
not activate ERK signaling. A specific inhibitor of ERK1/2
activation, U0126 by itself had no effect on ERK activation but
potently abolished FSH-induced ERK phosphorylation in
granulosa cells. U0126 also potently increased FSH-induced
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Fic. 5. Effects of FSH on ERK signaling in rat granulosa cells and
inhibitory effects of ERK activation on steroidogenesis. A, Rat gran-
ulosa cells (5 X 10° viable cells in 1 ml) were cultured with or without
oocytes (100 oocytes/ml). After preculture, cells were treated with
U0126 (3 um) and then exposed to either FSH (30 and 100 ng/ml) or
BtcAMP (1 mMm) for 1 h. The cell lysates were then subjected to
SDS-PAGE immunoblotting analysis using anti-phospho ERK1/2, an-
ti-total ERK1/2 antibodies. B, Rat granulosa cells (1 X 10° viable cells
in 200 pl) cultured with or without oocytes (100 oocytes/ml) in serum-
free medium containing 100 nM of androstenedione (a substrate for
P450arom). Cells were treated with FSH (30 ng/ml), FSK (10 mMm), or
BtcAMP (1 mM) in the presence or absence of U0126 (1 and 3 uMm) for
48 h. The levels of estradiol (B) and progesterone (C) in the media were
determined by RIA. Results show the mean + SEM of data performed
with triplicate treatments; **, P < 0.01 and *, P < 0.05 vs. basal levels
treated with FSH or FSK.
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estradiol production concentration dependently without
having any significant effects on FSK- and BtcAMP-induced
estradiol (Fig. 5B). These effects were not affected by cocul-
ture conditions with oocytes. U0126, in contrast, decreased
FSH- and FSK-induced progesterone production (Fig. 5C)
and suppressed cAMP production induced by FSH (Fig. 6A)
and FSK (Fig. 6B) regardless of the presence or absence of
oocytes. Taken together, ERK1/2 activation induced by FSH
was functionally linked to increases in cAMP and proges-
terone production as well as suppression of estradiol pro-
duction in granulosa cells.

Next, the impact of BMPs on FSH-induced MAPK activa-
tion in granulosa cells was examined in the presence or
absence of oocytes. BMP-6 and BMP-7 had no effects on
ERK1/2 phosphorylation when added to the cultures alone;
however, when added with FSH, BMP-7 abolished FSH-
induced ERK1/2 phosphorylation. BMP-6 had no effect on
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Fia. 6. Effects of ERK inhibition on FSH-induced cAMP production.
A, Rat granulosa cells (1 X 10° viable cells in 200 ul) cultured with
or without oocytes (100 oocytes/ml) in serum-free medium containing
0.1 mm of IBMX. Cells were treated with FSH (30 ng/ml) (A) or FSK
(10 uM) (B) in the presence or absence of U0126 (3 um). After a 48-h
culture, the extracellular contents of cAMP was determined by en-
zyme immunoassay after the acetylation of each sample. Results show
the mean * SEM of data performed with triplicate treatments; ** P <
0.01 and *, P < 0.05 vs. control or between the indicated groups.
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ERK1/2 phosphorylation induced by FSH. In addition, the
FSH induction of ERK phosphorylation was more potent in
the presence of oocytes (Fig. 7). Thus, BMP-7, but not BMP-6,
plays an inhibitory role in ERK1/2 activation elicited by FSH
in cooperation with oocytes.

To characterize the effect of FSH and oocytes on BMP
signaling in granulosa cells, detection of Smad1/5/8 phos-
phorylation and promoter assays for BMP signaling were
performed. As seen in Fig. 8A, Smad1/5/8 phosphorylation
was induced by BMP-6 and BMP-7. Interestingly, Smad1/
5/8 phosphorylation was further enhanced in the presence
of FSH and oocytes (Fig. 8A). Using the BMP target gene
reporter, Id-1-Luc, it was found that oocytes augment BMP
signaling in combination with FSH (Fig. 8B). Thus, FSH and
oocytes synergistically enhance BMP signaling in granulosa
cells.

To elucidate the mechanism by which FSH and oocytes
up-regulate BMP signaling in granulosa cells, expression
levels of key BMP molecules, including Smads (Smadl, 5, 8,
4, 6, and 7), and BMP type I (ALK-2, -3, and -6) and type II
(ActRII and BMPRII) receptors were examined in the pres-
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Fia. 7. Effects of BMPs and oocytes on FSH-induced ERK activation
by rat granulosa cells. Rat primary granulosa cells (5 X 10° viable cells
in 1 ml) were cultured with or without oocytes (100 oocytes/ml). Cells
were treated with FSH (30 ng/ml) either alone or with a combination
of BMP-6 and BMP-7 (100 ng/ml) for 1 h. The cell lysates were then
subjected to SDS-PAGE immunoblotting analysis using anti-phospho
ERK1/2 and anti-total ERK1/2 antibodies. The bands on the x-ray film
were scanned and digitized, and the signal intensities were numer-
ically converted. Results show the mean * SEM of data performed with

triplicate treatments; **, P < 0.01 and *, P < 0.05 vs. control or
between the indicated groups.
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ence or absence of oocytes and FSH. As shown in Fig. 94, all
the BMP molecules examined except Smad5 were clearly
detected in our culture system by RT-PCR analysis. Further-
more, the changes of mRNA levels of Smads and BMP type
I and type II receptors were confirmed by quantitative real-
time PCR. As shown in Fig. 9B, the expression levels of
inhibitory Smads, i.e. Smad6 and Smad?7, were impaired in
the presence of FSH while Smad8 expression was up-regu-
lated in turn by FSH, in which oocytes had no specific effects
on the expression of Smads. Levels of BMP type I and type
I receptor expression were not influenced by FSH and oocyte
conditions. It appears that FSH modulates BMP signaling
activity by altering the expression levels of Smad6, 7, and 8
in granulosa cells.

Discussion

The regulation of FSH responsiveness in granulosa cells is
critical for the establishment of dominant follicles and sub-
sequent ovulation in mammals. In the present study, we have
uncovered a novel cellular mechanism of regulation of gran-
ulosa cell steroidogenesis involving interactions between oo-
cytes, FSH, and BMPs. BMP-7 up-regulated FSH-induced
estradiol production, which was further enhanced in the
presence of oocytes. The BMP-7 action on estrogen produc-
tion is likely to occur via an independent pathway of cAMP-
protein kinase A cascade because cAMP levels were rather
decreased by BMPs. The involvement of ERK1/2 molecules
was highlighted here in regulating FSH-induced estrogen
production by granulosa cells.

Although the importance of BMPs in the ovary has become
well established (23), specific BMP signaling pathways and
their particular regulatory roles in granulosa cells have yet
to be completely elucidated. In granulosa cells, BMP-2, -6, -7,
and -15 have been found to stimulate the phosphorylation of
Smadl/5/8 in human and rat granulosa cells (24, 25). In
addition to the Smad pathway induced by BMP ligands,
involvement of MAPK signaling has also been implicated in
BMP signaling in granulosa cells.

As for the functional link between MAPK and BMP system
in the ovary, it has been reported that inhibitors of ERK1/2
phosphorylation suppress granulosa cell mitosis induced by
BMP-15 (25) and cumulus cell expansion induced by GDF-9
(26). Yet, the inhibition of ERK1/2 phosphorylation does not
reverse the suppressive effects of BMP-15 on FSH-induced
progesterone production by rat primary granulosa cells (25).
Considering that ERK inhibition increased estradiol yet de-
creased progesterone and cAMP production induced by
FSH, ERK activation leads to inhibition of estradiol synthesis
and amplification of cAMP. It is notable that FSH-induced
ERK1/2 phosphorylation is suppressed by BMP-7 but not
affected by BMP-6 in our study. Thus ERK signaling seems
likely to be involved in the control of estradiol synthesis in
granulosa cells.

BMP-6 and BMP-7 both inhibited FSH- and FSK-induced
progesterone and reduced cAMP synthesis in our study.
Thus, a signaling action that is common between BMP-6 and
BMP-7 is the inhibition of cAMP synthesis, which is func-
tionally linked to progesterone production. Selective inhib-
itors of progesterone synthesis, i.e. a luteinization inhibitor,
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the mean *+ SEM of data performed with triplicate treatments; ** P <
0.01 and *, P < 0.05 vs. control.



344 Endocrinology, January 2007, 148(1):337-345

must act in vivo to modulate FSH bioactivity in a way that
reflects normal follicle steroidogenesis during the estrous
cycle (27, 28). Theca cell-derived BMP-7 is one of the candi-
dates that are consistent with the long-sought luteinization
inhibitor (6). As we reported previously, BMP-7 injection
decreases the number of primordial follicles but increases the
number of primary, secondary, and antral follicles in vivo.
Thus, BMP-7 can promote the recruitment of primordial
follicles into the growing follicle pool and inhibit ovulation
and progesterone production (7).

The receptors for TGF-B superfamily members consist of
type I and type II receptors, each of which exhibit serine/
threonine kinase activity. ALK-2, -3, and -6 have been iden-
tified as type I receptors for BMPs, whereas ALK-4 is the type
I receptor for activin. BMP ligands act together to form a
high-affinity complex with BMPRII and the appropriate type
I receptor (29). The combinations of BMP ligands and recep-
tors are not completely definitive, in which BMP-6 and
BMP-7 can readily bind to ALK-2 and/or ALK-6 (30-32).
Once phosphorylated by type I receptors, Smadl, 5, and 8
interact with a common-mediator Smad4, and then translo-
cate to the nucleus. Smadé6 and 7 are “inhibitory Smads” and
can prevent the phosphorylation and signaling activity of
pathway-restricted Smads (Smad1, 5, and 8) by binding to
the type I receptors (33).

Using a human granulosa KGN cell line, we recently dis-
covered that FSH preferentially up-regulates the expression
of type I receptors (ALK-3 and ALK-6) as well as type II
receptors (ActRIl and BMPRII) (34). In addition, FSH in-
creased expression levels of Smad1/5 and decreased expres-
sion of inhibitory Smads, Smad6/7. Thus, it is most likely
that FSH augments the bioavailability of BMP signaling in
human granulosa cells (34). In the present study, the Smad1/
5/8 phosphorylation induced by BMPs was further en-
hanced in the presence of FSH. Oocytes also augmented BMP
signal transduction in combination with FSH, in which FSH
up-regulated BMP signaling activity by reducing Smad6/7
expression while increasing Smad8 expression in granulosa
cells.

FSH receptor signaling in the granulosa cells is required
for follicular selection and dominant follicle formation,
which is precisely modulated by autocrine/paracrine factors
within the follicles (23) as well as estrogen (13). In this regard,
we earlier discovered that the oocyte is required for estrogen
to amplify FSH-dependent granulosa differentiation (13). In
contrast, the expression of BMP system components under-
goes dynamic changes during folliculogenesis with changes
of spatial and temporal expression patterns of these BMP
genes (35). Therefore, the present data support the presence
of functional positive feedback system between the BMP
system and FSH receptor pathway, which plays key roles in
regulating development of growing follicles by the reciprocal
enhancement of BMP and FSH actions. Moreover, this re-
ciprocal positive feedback in granulosa cells was further
influenced by the presence of oocytes.

Candidates for oocyte factors that are responsible for the
activation of MAPK as well as BMP signaling have yet to be
elucidated in this study. There has been recent interest in the
roles of oocyte-derived paracrine factors including BMP-15
and GDF-9. Based on studies using rat granulosa cell culture,
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estradiol production is not affected by BMP-15, whereas
GDF-9 exhibits suppressive effects on estradiol synthesis
induced by FSH (5, 36). Because oocytes act to augment
FSH-induced estradiol synthesis in combination with BMP-7,
it is unlikely that GDF-9 and BMP-15 are solely responsible
for the oocyte activity observed in the present study. How-
ever, oocyte-derived GDF-9 could be partially involved in
amplification of MAPK signaling in granulosa cells based on
findings shown in mouse cumulus cells (26, 37). Future pro-
filing would be necessary to determine such oocyte-derived
factors that orchestrate steroidogenesis in the developing
follicles. Collectively, the present data demonstrate a novel
oocyte-granulosa cell communication (Fig. 10). ERK activa-
tion is directly linked to inhibition of estradiol synthesis and
amplification of cAAMP. Impairment of FSH-induced ERK1/2
phosphorylation by theca-derived BMP-7 is likely to be a key
process for up-regulating estradiol production in vivo. A
common signaling between BMP-6 and BMP-7 is the inhi-
bition of cAMP synthesis linked to progesterone production
as a central role, luteinizing inhibitor. The presence of oo-
cytes facilitates BMP-Smad signaling in granulosa cells re-
gardless of FSH. Oocytes also activate FSH induction of ERK
signaling pathway. Thus, oocytes modulate the signaling
interaction between the BMP system and ERK signaling in
granulosa cells, which may be crucial for differential regu-

FSH
BMP-7
F " FSH-R BMP-6
Oocyte (1)
effect (2)
v
cAMP
1
PKA
P450arom StAR
| |
Estradiol Progesterone
production production

Qocytes enhance (1) BMP signaling
and (2) FSH-induced ERK activation.

FiG. 10. A possible mechanism by which BMPs differentially regu-
late steroidogenesis in granulosa cells. ERK1/2 activation induced by
FSH receptor (FSH-R) signaling is directly linked to inhibition of
estradiol synthesis and amplification of cAMP. BMP-7 inhibits FSH-
induced ERK1/2 phosphorylation, leading to up-regulation of estra-
diol production. A common signaling between BMP-6 and BMP-7 is
the inhibition of cAMP synthesis linked to progesterone production.
The presence of oocytes facilitates BMP-Smad signaling (1) and FSH
induction of ERK signaling pathway in granulosa cells (2).
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lation of FSH-induced steroidogenesis in developing
follicles.
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