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Abstract

Purpose To determine if there is any effect of AMH and
BMP-15 on estradiol and progesterone production from
primary-cultured human luteinizing granulosa cells, to delin-
eate what is the effect of FSH on their actions and which are
the possible mechanisms involved.

Methods Luteinizing granulosa cells (GCs), obtained from
follicular fluid of 30 women undergoing in vitro fertilization,
were cultured, after a short 24-h preincubation period, in
serum-free medium for 24 or/and 48 h in the presence/
absence of various concentrations of AMH, BMP-15 and
FSH alone or in combinations. Estradiol and progesterone
production, SMADS phosphorylation and StAR expression
were studied in parallel. Steroids were measured in culture-
supernatant using enzyme-immunoassays, while Smad5-
signaling pathway activation and StAR protein expression
were assessed immunocytochemically.

Result(s) We found that the treatment of AMH in GCs for 24/
48 h attenuated FSH-induced estradiol production (p<0.001),
had no effect on basal estradiol levels, decreased basal

Capsule AMH and BMP-15 interact with FSH and affect the production
of estradiol and progesterone from cultured luteinized granulosa cells
possibly via Smad5-protein phosphorylation.
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progesterone production (»p<0.001) and FSH-induced StAR
expression (p<0.001). On the other hand, BMP-15 decreased
basal estradiol levels (p<0.001) and attenuated FSH-induced
estradiol production (p<0.001). Furthermore, BMP-15 re-
duced progesterone basal secretion (p<0.001), an effect that
was partially reversed by FSH (p<0.01), probably via increas-
ing StAR expression (p<0.001). FSH-induced StAR expres-
sion was also attenuated by BMP-15 (p<0.001). FSH, AMH
and BMP-15 activated Smad-signaling pathway, as confirmed
by the increase of phospo-Smad5 protein levels (p<0.001
compared to control).

Conclusion(s) AMH and BMP-15 by interacting with FSH
affect the production of estradiol and progesterone from cul-
tured luteinizing-granulosa cells possibly via Smad5-protein
phosphorylation.

Keywords AMH - BMP-15 - Steroidogenesis - Granulosa
cells - Human

Introduction

Ovarian follicles constitute the functional unit of the human
ovary; endocrine signaling via the hypothalamus-pituitary -
gonadal axis is crucial for its survival, development, matura-
tion and steroidogenic activity [1-3]. Nevertheless, local
growth factors seem to have a pivotal and synergistic role in
these procedures [4, 5]. Among them, Anti-Mullerian Hor-
mone (AMH) and Bone Morphogenetic Protein 15 (BMP-
15), both members of the TGF-[3 superfamily, regulate follicle
growth and oocyte maturation, acting in an autocrine/
paracrine manner [2].

AMH is a dimeric glycoprotein exclusively expressed by
granulosa cells of pre-antral and small antral follicles in the
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ovary [6-10]. As a TGF-3 superfamily member, AMH exert
its effect by activating type I (ALK2/3/6) and type II
(AMHRII) serine/threonine kinase receptors, leading subse-
quently to Smads protein phosphorylation [11, 12]. Studies
in mice have identified the necessity of AMH in the preserva-
tion of the primordial follicle pool by inhibiting the follicular
activation and growth as well as the follicle sensitivity to FSH
[13, 14]. Furthermore, data in the human reveal that serum
AMH levels can be used as an ovarian follicular reserve mark-
er[15, 16], as well as a predictor of the ovarian responsiveness
in normo-ovulatory women undergoing ovarian stimulation
for IVF [17-20]. In addition, the importance of this hormone
in the follicular recruitment arises from a number of studies,
which correlate serum and follicular fluid AMH levels with
the high number of 2-5 mm follicles in PCOS women
[21-25], thus giving another clue to the clarification of the
polycystic ovary syndrome pathology.

On the other hand, BMP-15 is an exclusively oocyte-
secreted growth factor [26, 27]. Similarly to AMH, BMP-
15 participates in normal ovarian function of most pri-
mates and human [4, 26-29] through binding to serine/
threonine receptors (ALK6/BMPRII) and subsequent acti-
vation of the Smad signaling pathway [12, 30]. A number
of sheep BMP-15 mutations have been linked to increased
ovulation rate and infertility [31-33]. Likewise, mutations
of the BMP-15 gene in humans have been associated with
the disruption of the ovulation process in women with
polycystic ovary syndrome and with premature ovarian
failure [26, 34, 35]. Furthermore, follicular fluid BMP-
15 levels are considered to be an indicator of oocyte qual-
ity and embryo development [36]. However, in lower
mammals BMP-15 has no crucial role in folliculogenesis;
in mice, apart from some mild alterations in ovulation and
fertilization dynamics, loss of BMP-15 activity does not
affect folliculogenesis [33].

Apart from regulating follicular development, both AMH
and BMP-15 are also involved in ovarian steroidogenesis.
Recent studies in animals and human suggest that AMH at-
tenuates the FSH-induced aromatase expression and estradiol
production in the ovary [37—41], while AMH and AMHRII
gene alterations correlate with follicular phase estradiol levels
[42]. Moreover, results from animal models and immortalized
human granulosa-lutein cells indicate that BMP-15 decreases
the FSH-induced StAR protein levels and progesterone pro-
duction [30, 43, 44].

Nevertheless, up to date, the possible regulatory role of
AMH and BMP-15 in estradiol and progesterone production
from human granulosa cells (hGCs) has not yet been investi-
gated. In the present study we examined the effects of these
two factors on the steroidogenic activity of primary granulosa
lutein cells alone or in combination and in the presence/
absence of gonadotropins as well as the potential signaling
pathways which intermediate their actions.
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Materials and methods
Subjects and tissue isolation

Human luteinizing GCs were obtained from follicle aspirates of
30 women, aged 23-45 years old, undergoing IVF because of
tubal pathology or male factor infertility. All patients were re-
cruited after giving written informed consent and the protocol
was approved by local ethics. Superovulation induction proto-
col involved pituitary suppression by a GnRH agonist, followed
by follicle stimulation with recombinant FSH. Final follicle and
oocyte maturation was induced by human chorionic gonadotro-
pin (hCG) and oocyte retrieval was performed 36 h later. After
the removal of the oocyte, GCs were retrieved from the Follic-
ular Fluid (FF) by sedimentation as described previously [45].
In brief, GCs in follicular fluid aspirates were washed several
times with phosphate-buffered saline (PBS; Biochrom AG,
Berlin, Germany) containing 0.1 % bovine serum albumine
(BSA,; Sigma, Bornem, Belgium) until cleared from blood cells
contamination and then centrifugated at 500 x g for 10 min. The
clear GCs pellet was resuspended in serum supplemented me-
dium 199 Earle’s salts and HEPES (GIBCO, Life Technologies,
BRL, Glasgow, Scotland) containing 500 IU/mL sodium G
penicillin, 500 mg/mL streptomycin (Biochrom AG), 0.1 %
BSA, and 5 % L-glutamine (Biochrom AG). Cell viability
and concentration was determined by trypan blue exclusion.

Cell cultures

Human luteinizing GCs were seeded (5% 104 cells per well in
24-well plates) and cultured at 370 C in a humidified atmo-
sphere containing 5 % CO2 and 95 % air at 370 C in serum
added culture media 199 Earle’s salts and HEPES (GIBCO,
Life Technologies). A short 24-h preincubation period proc-
essed in order to allow cells to attach and form a monolayer
culture as well as to regain their sensitivity to FSH [46, 47].
Subsequently, culture medium was replaced by serum free me-
dium containing 10~® M androstendione (A4) (NIDDK’s Na-
tional Hormone and Peptide Program, Harbor-UCLA Medical
Centre, Los Angeles, CA) as a substrate for the aromatase, in
combination with the stimulants recombinant human FSH
(R&D Systems Inc. Mineapolis, USA) (10 and 100 ng/ml),
recombinant human BMP-15 (R&D Systems Inc. Mineapolis,
USA) (10 and 100 ng/ml) AMH (R&D Systems Inc.
Mineapolis, USA) (2, 20 and 100 ng/ml). Plates were then
incubated for 72 h and the medium was collected and replaced
every 24 h. All collected media were stored at —20 C until
assayed. In pilot experiments, the medium was also collected
and replaced every 24 h (data not shown). Nevertheless, be-
cause the greatest response of the cultured GCs to the stimu-
lants in terms of steroids production was seen at 48 h and the
viability of the cells seems to attenuate after 48 h in serum free
medium conditions, the point of 72-h sampling was abandoned.
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Immunohistochemistry

SMAD signaling pathway and StAR protein expression
were studied immunohistochemically after 48 h of culture,
because at the 48 h versus 24 h an effect on FSH-induced
estradiol production is revealed (Fig. 1), using specific an-
tibodies. Rabbit monoclonal Anti-SMADS 1/100 (phospho
S463+S465 [MMC-1-104-3] - BSA and Azide free
ab168252, Abcam Inc. Cambridge, USA) primary anti-
body and Mouse monoclonal Anti-StAR 1/100 (ab58013,
Abcam Inc. Cambridge, USA) primary antibody were ob-
tained. Cells were seeded in 2 % (w/v) gelatin coated cover
slides (12 mm diameter) during cultivation with the proto-
col mentioned above. After blocking in 02 M Phosphate
Buftered Saline (PB) pH 7.4 slides were fixed with 2 %
Paraformaldehyde (PFA) pH 7.4 for 10 min. Each slide
was incubated with primary antibody in 0.1 M Tris-
buffered saline (TBS) containing 0.5 % normal donkey

serum (NDS) and 0.3 % Triton X-100 overnight at room
temperature. Subsequently, the slides were washed in TBS
and incubated in CF™488A labeling highly cross-
adsorbed donkey anti-rabbit IgG (H+L) (Biotium, USA)
and CF™594 highly cross-adsorbed donkey anti-mouse
IgG (H+L) (Biotium, USA) secondary antibody for 1 h
in room temperature. Finally, cell cultures were mounted
with DAPI containing mounting medium (UltraCruz"™
Mounting buffer; sc-24941; Santa Cruz Biotechnology
Inc. Europe) and cover slipped. For avoiding non-specific
binding and auto-fluorescence, negative control studies
with primary antibodies were omitted and cells were proc-
essed immunohistochemically as mentioned above.

Microscopy and image analysis

Cells were examined by light microscopy (Zeiss
Axioskop with Plan-Neofluar 10x/0.25 and 40x/0.75
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Fig. 1 Effects of FSH (10 ng/ml), AMH (2 ng/ml) and BMP-15
(10 ng/ml) and their combinations on estradiol and progesterone
production by human luteinizing granulosa cells after 24 and 48 h of
culture. Data are in mean (£SEM), n=30 patients. Statistical

48h

comparison using one-way ANOVA followed by Bonferroni post-test
analysis: (a) p<0.001 and (a) p<0.05 compared to control; (b)
»<0.001 and (b ) p<0.01 compared to FSH; (c) p<0.05 compared to
BMP-15; (d) p<0.05 compared to AMH
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objectives, Oberkochen, Germany). Image analysis was
conducted with the use of Image J programme for Light
Microscopy (1.47r, Wayne Rasband National Institutes
of Health, USA). All images (RBG pictures) were sim-
ilarly analysed. The mean signal intensity of each cul-
ture was recorded by employing the “Analyze/Histo-
gram” command. Results were expressed as intensity
values (0-255 integers scale from minimum to maxi-
mum luminosity intensity).

Steroid assay

Steroids, 17b-estradiol and progesterone were measured
in culture media by commercially available enzyme im-
munoassays (Assay Designs, Inc., Ann Arbor, MI). The
lower limits of detection for 17b-estradiol and progester-
one were 37 pmol/L and 0.6 nmol/L, respectively. The
intra- and interassay coefficients of variation for 17b-
estradiol were 6.6 and 6.2 % and for progesterone, 5.4
and 8.3 %, respectively.

Statistical analysis

Data were normally distributed (one sample Kolmogorov-
Smirnov test). Statistical comparison was performed
using two-way ANOVA for randomized-block data in or-
der to locate the source of variation (time and/or treat-
ment) in estradiol and progesterone release from human
GCs; while, one-way ANOVA followed by the
Bonferroni post-test was used to study the significance
of estradiol and progesterone changes between treat-
ments. For the statistical analysis of the data, GraphPad
Prism version 4.00 for Windows (GraphPad Software,
San Diego California USA) was used and p-values
<0.05 were considered statistically significant. Data are
expressed as means+SEM.

Results

Effect of FSH, AMH and BMP-15 on basal estradiol
and progesterone production from human luteinizing
granulosa cells

As shown in Table 1, FSH and BMP-15 affect estradiol
release from human GCs while AMH has no effect on the
production of this steroid hormone. In particular, FSH at
10 ng/ml increased estradiol release after 48 h in culture
(»<0.001 compared to control) while at 100 ng/ml it has a
statistical significant effect as early as 24 h (p<0.01).
BMP-15 decreased estradiol release in both time points
and concentrations used (10 and 100 ng/ml; 24 h:
p<0.01; 48 h: p<0.001).

On the other hand, progesterone release was affected
by AMH and BMP-15 while FSH had no effect on its
production (Table 1). Specifically, AMH and BMP-15 in
both time points and all concentration used (AMH: 2, 20
and 100 ng/ml; BMP-15: 10 and 100 ng/ml) decreased
progesterone release in a statistical significant manner
(»<0.001 in all cases).

Based on these results, in order to further study the effect of
AMH and BMP-15 on human GCs steroidogenesis in the
presence/absence of FSH we used the minimal possible con-
centration of each factor that had a statistically significantly
effect on steroid production; that is to say, AMH: 2 ng/ml;
BMP-15: 10 ng/ml and FSH: 10 ng/ml (Table 1).

Effect of AMH and BMP-15 on FSH-induced
steroidogenesis in human luteinizing granulosa cells

As mentioned above (Table 1), AMH had no effect on basal
estradiol release after 24 and 48 h of culture, on the other hand
it significantly reduced FSH-induced estradiol production at
both time points (24 h: p<0.001, 48 h: p<0.001; Fig. 1A). On
the other hand, BMP-15 significantly reduced the basal

Table 1 Effects of different

concentrations of AMH, BMP-15 Treatment Estradiol Progesterone
and FSH on basal estradiol and
progesterone production from 24 h 48 h 24h 48 h
human luteinizing granulosa cells
Control 643.6+49.8 1089.0+16.6 439.6+15.8 511.5+32.0
FSH 10 ngiml 1157.1£156.9¢ 2627.8+100.3° 382.5+43.1 446.0+32.1
100 ng/ml 1067.6£16.9° 2896.44+90.3° 342.6+35.6 408.7+30.1
AMH 2 nglml 590.0£25.8 978.7+31.4 29.7+6.8° 110.0£23.6°
20 ng/ml 588.3+£74.5 896.0+50.7 22.5+15.7° 104.7+£34.7°
100 ng/ml 473.34+84.1 885.4+87.5 21.7422.9¢ 100.0+32.6°
BMP-15 10 ng/ml 356.2+63.1* 644.6+84.6° 40.7+2.5¢ 73.0+£26.4°
100 ng/ml 320.5+75.9* 602.4+75.3° 35.5+4.3¢ 65.9+22 4°

Data are in mean (+ SEM) from n=5 patients. a: p<0.05; b: p<0.01; c: p<0.001 statistical significant difference
from control using one-way ANOVA followed by Bonferroni post-test analysis
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estradiol secretion at both time points (Fig. 1A; Table 1) and
similarly to AMH, attenuated the FSH-induced estradiol pro-
duction (24 h: p<0.001, 48 h: p<0.01). Combined adminis-
tration of AMH and BMP-15, had a negative impact on the
FSH-induced estradiol production (24 h: p<0.001; 48 h:
p<0.001; Fig. 1A) while, no effect of AMH plus BMP-15
on basal estradiol synthesis was revealed (Fig. 1A).

As far as progesterone release is concerned, AMH had a
negative effect on basal progesterone production in both time
points studied (p<0.001; Fig. 1B, Table 1) and this effect was
partially reversed with the addition of FSH after 48 h of cul-
ture (p<0.05; Fig. 2). Similarly BMP-15 reduced basal secre-
tion at 24 and 48 h of culture (p<0.001; Fig. 1B, Table 1) and
the addition of FSH partially reversed this effect in 48 h of
culture (p<0.05; Fig. 1B). In contrast, the combined adminis-
tration of BMP-15 and AMH, significantly suppressed basal
progesterone production (p<0.001; Fig. 1B) but this effect

Fig. 2 a Specific Phospho $***

465 Smad5 protein expression by
immunofluorescence in human
luteinizing granulosa cells
incubated for 48 h in serum free
medium (Control) or in medium
containing FSH (10 ng/ml),
BMP-15 (10 ng/ml) and AMH
(2 ng/ml). b Effects of FSH

(10 ng/ml), AMH (2 ng/ml),
BMP-15 (10 ng/ml) and their
combinations on Smad5
phosphorylation in human
luteinizing granulosa cells after
48 h of culture. Data are in mean
(+SEM), n=30 patients.
Statistical comparison using one-
way ANOVA followed by
Bonferroni post-test analysis: (a)
p<.001 compared to control

Control

could not be reversed with the addition of FSH in both time
points (Fig. 1B).

Pathways involved in AMH and BMP-15 effect on human
GC:s steroidogenesis

To investigate further the actions of AMH and BMP-15 on
steroidogenesis we studied immunohistochemically the
Smad5 protein activation and StAR protein expression. The
results here indicate that AMH and BMP-15 increased
Phospho $**¥**%3Smad5- immunoreactivity (IR) (p<0.001;
Fig. 2) and the combined administration of these two factors
had a similar effect (»p<0.001; Fig. 2).

In regards to StAR protein expression, administration of
AMH and BMP-15 separately, significantly attenuated the
FSH-induced StAR-IR and interestingly the combined
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administration did not revealed any further attenuation on

StAR protein expression as response to FSH (p<.001; Fig. 3).

Discussion

There is compelling evidence suggesting that communication
between the oocyte and the surrounding somatic cells of the
follicle is crucial for a number of functions, which are impor-
tant for oocyte developmental competence [1]. One of these
functions, the steroidogenic activity of granulosa cells has
recently been the focus of several studies.

In the present study we investigated the effect of AMH (a
granulosa derived-factor), BMP-15 (an oocyte secreted-
factor) and their interactions on basal and FSH-induced ste-
roid hormones production from primary-cultured human lu-
teinizing granulosa cells. The possible intracellular mecha-
nisms involved in their actions were also investigated. We
applied a rather short pre-incubation period of 24 h. Accord-
ing to previous data, this might not be sufficient to allow
luteinizing granulosa cells to regain their basal functionality
[48]. Nevertheless, the same methodology was applied in this
study in the test groups and the controls, in agreement with a
previous study from our laboratory [45, 49].

StAR-IR

FSH

255 1 3 Control

FSH + BMP-15

FSH + AMH FSH + BMP-15 + AMH

FSH + BMP-15

B

N\

I FSH 722 AMH + FSH
200 T E=mBMP-15 E== AMH + BMP-15
175 T AMH 12528 AMH + FSH + BMP-15
§ a
~ 1504 T
e |
> 125 4
S 100+
£
g 754
3
50 - — =
———
25
0..

"

%

Treatment

Fig. 3 a Specific StAR protein expression by immunofluorescence in
human luteinizing granulosa cells incubated for 48 h in serum free
medium (Control) or in medium containing FSH (10 ng/ml) alone or in
combination with BMP-15 (10 ng/ml) and AMH (2 ng/ml.) b Effects of
FSH, AMH, BMP-15 and their combinations on StAR protein levels in
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human luteinizing granulosa cells from 30 patients after 48 h of culture.
Data are in mean (+SEM). (a) P<.001 compared to control, (b) P<.001
compared to FSH. Statistical comparison using one-way ANOVA
followed by Bonferroni post-test analysis
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According to our results, BMP-15 reduced by half basal
estradiol release from hGCs while AMH had no effect on the
basal production of this steroid hormone. On the other hand,
both BMP-15 and AMH alone or in combination decreased
FSH-induced estradiol release while their combined adminis-
tration had no additive effect. To our knowledge, this is the
first report on BMP-15 effect on basal and FSH-induced es-
tradiol secretion from hGCs indicating a crucial role of this
oocyte derived factor on steroidogenesis in humans. Regard-
ing FSH-induced estradiol production, our results are in agree-
ment with previous studies in rats, which showed that BMP-
15 decreases the FSH-stimulated estradiol secretion possibly
via reduction of the stimulatory effect of FSH on FSH-R syn-
thesis [43, 50]. The fact that BMP-15 lowers estradiol produc-
tion even in the absence of FSH in hGCs, indicates a different
from FSH-R synthesis interaction, affecting possibly the syn-
thesis of another factor in the steroidogenic process. Further
studies in this direction are necessary in order to delineate the
intracellular mechanisms involved between BMP-15 and es-
tradiol secretion. Our observations on the autocrine role of
AMH on basal and FSH-induced estradiol release are in agree-
ment with previous reports where AMH decreased human
granulosa cells sensitivity to FSH via reduction of the P450
aromatase activity [37, 38, 51] and FSH receptor mRNA ex-
pression [39].

As far as progesterone is concerned, basal secretion was
reduced by AMH and BMP-15 and this effect was partially
alleviated with the addition of FSH in culture. To our knowl-
edge, this is the first report on AMH effect on progesterone
release in the presence/absence of FSH from hGCs indicating
that AMH is essential not only for estradiol but also for pro-
gesterone secretion regulation and strengthens further its im-
portance in steroidogenesis. In terms of BMP-15, the observed
attenuation of progesterone secretion in the presence/absence
of FSH from primary human granulosa cells is in agreement
with data from a tumor-derived human granulosa cell line
KGN [30] and rat granulosa cells [43, 50] providing further
evidence on its importance on progesterone secretion. Further-
more, when AMH and BMP-15 were administrated together,
FSH had no effect and progesterone secretion was almost
totally blocked. This finding indicates a possible interaction
between these two factors in diminishing FSH action on pro-
gesterone production.

Though, the present data show a clear interaction between
BMP-15 and AMH with FSH on progesterone secretion yet in
our study at 24 and 48 h of culture an FSH-induced proges-
terone release was not observed. In an attempt to delineate this
further, we studied the effect of FSH on StAR-IR in the
presence/absence of BMP-15 and/or AMH at 48 h of culture
where we noticed the highest interaction between FSH and
these factors. Previous studies in rats and human have dem-
onstrated that progesterone production in response to FSH
activity is related to an increase in StAR mRNA [52] and

protein levels [53]. According to our results, BMP-15 and
AMH had no effect on basal StAR-IR, FSH significantly in-
creased StAR protein expression while BMP-15 and AMH
alone or in combination, strongly attenuated this effect, which
confirms an AMH and BMP-15 reduction of FSH-induced
progesterone production. The discrepancy between the effect
of FSH on progesterone release for 48 h and StAR-IR ob-
served after 48 h of culture might be due to the origin of the
cells used; that is, from patients that had been previously
in vivo stimulated by hCG during IVF treatment. It is well
known that hCG is an luteinizing hormone (LH) analog which
shifts the metabolic profile of granulosa cells to high proges-
terone production level. Though based on data from our lab-
oratory [45, 49] prolonged incubation periods lead to lowering
of basal progesterone levels and a clear FSH-induced proges-
terone secretion, we have chosen to limit our study up to 48 h
of culture due to the better viability of granulosa cells as well
as to a clearly revealed attenuating effect of AMH and BMP-
15 on progesterone secretion as early as 24 h of culture.

As mentioned above, both AMH and BMP-15 decreased
the FSH-induced StAR-IR. To our knowledge this is the first
report on AMH effect on StAR protein levels, while previous
studies in rat and hen granulosa cells have also shown an
inhibitory effect of BMP-15 on FSH-induced StAR mRNA
[43] and protein expression [44].

Based on our observations, administration of AMH and
BMP-15 seems to alternate the steroidogenic profile of human
luteinizing granulosa cells in vitro, as a reduction in estradiol
and progesterone production was observed. In order to add
evidence that the actions mentioned above were due to the
effect of AMH and BMP-15, by binding to their cellular re-
ceptor and activating downstream their signaling pathway, we
also studied the intracellular pathway mechanisms involved.
Both AMH and BMP-15 are members of the TGF-f3 super-
family exerting their actions through Smads protein activation
[2]. TGF-f3 pathway activation was confirmed through
Smad5-IR studies, a common target for both factors. Indeed,
both AMH and BMP-15 demonstrated a 3-fold augmentation
of, indicating a downstream activation of the serine/threonine
receptor pathway. This evidence comes in agreement with
previously published data from rodents [7, 11, 12] and
the tumor-derived human granulosa cell line KGN [54],
where it has been shown that AMH activates Smad5
phosphorylation by binding to the AMHRII/-ALK?2/3/6
complex, as well as, with studies in COV434 ovarian
granulosa tumor cells were it has been demonstrated that
BMP-15 facilitates its own effect through binding to the
BMPRIB/ALK3 receptor complex and subsequently acti-
vating the Smad1/5/8 phosphorylation [55]. The fact that
Smad5 is a common target for both AMH and BMP-15
in our system can explain why combined administration
of these factors did not lead to an additive effect on
steroids production.

@ Springer



1086

J Assist Reprod Genet (2015) 32:1079-1088

Finally, we found that FSH augmented PhosphoS*®**

465Smad5-IR in our system. This is in line with a previous study
in human ovarian granulosa-like tumor cell line KGN [56]
where it was found that FSH administration increased Smad5
mRNA. Further studies are needed in order to delineate the
importance of Smad5 protein augmentation and activation in
response to FSH of granulosa cells in steroidogenesis.

Conclusions

The results of the present study provide evidence that two
members of the TGF-( superfamily; AMH (a granulosa-
derived factor) and BMP-15 (an oocyte-secreted factor) play
both an important role in granulosa cell steroidogenesis by
affecting the actions of FSH through Smad5 protein activation
and StAR protein expression attenuation. This is the first re-
port concerning AMH effects on basal and FSH-induced pro-
gesterone production from granulosa cells, as well as the syn-
ergistic action of AMH and BMP-15 on FSH-induced proges-
terone production. It is important to note that our data were
obtained in vitro from short-term Iuteinizing granulosa cell
cultures, processed only for a 24 h preincubation period due
to better viability of the cells, and therefore may not necessar-
ily apply to the physiology of folliculogenesis in vivo. Further
studies on the communication between FSH and TGF-4 sig-
naling are essential for the elucidation of the steroidogenic
activity of granulosa cells.
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