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Abstract

Connective tissue growth factor (also known as CTGF or CCN2) is a secreted matricellular pro-
tein that belongs to the CCN family. With wide-ranging biological activities and tissue expression
patterns, CTGF plays a critical role in regulating various cellular functions. In the female repro-
ductive system, CTGF is highly expressed in granulosa cells in growing ovarian follicles and is
involved in the regulation of follicular development, ovulation, and luteal function. In the mam-
malian ovary, bone morphogenetic protein 6 (BMP6) is an important intraovarian modulator of
follicular development. In this study, we demonstrated that BMP6 treatment significantly increased
the expression of CTGF in both primary and immortalized human granulosa cells. Using both phar-
macological inhibitors and Small interfering RNA-mediated knockdown approaches, we showed
that ALK2 and ALK3 type | receptors are required for BMP6-induced cellular activities. Further-
more, this effect is most likely mediated by a Sma- and Mad-related protein (SMAD)-dependent
pathway. Our studies provide novel insight into the molecular mechanisms by which an intraovar-
ian growth factor affects the production of another factor via a paracrine effect in human granulosa
cells.

Summary Sentence

BMP6 induces the expression of CTGF, which is most likely mediated by an ALK2/ALK3-SMAD
dependent signaling pathway in human granulosa cells.
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Introduction

Initially identified as immediate early response gene products, cys-
teine rich angiogenic inducer 61 (CYR61), connective tissue growth
factor (CTGF), and nephroblastoma overexpressed gene product
(NOV) (also known as CCN1, CCN2, and CCN3, respectively) be-
long to the CCN family [1]. These matricellular proteins are criti-
cal signal modifiers that can modulate multiple signaling pathways,
including Wnt, Notch, and transforming growth factor-g (TGF-B)
[2]. Due to its wide-ranging biological activities and tissue expres-
sion patterns, CTGF has been shown to participate in various essen-
tial processes, including embryogenesis, organogenesis, cell prolif-
eration, tissue differentiation, and wound healing [3]. Additionally,
the dysregulation of CTGF has been reported to be associated with
several pathological conditions, such as inflammation, fibrosis, and
tumor development [4, 5]. In the female reproductive system, CTGF
is highly expressed in granulosa and theca cells in mammalian grow-
ing follicles and the corpus luteum [6, 7]. The results obtained from
animal studies demonstrated that CTGF is a downstream molecule
that mediates TGF-p signaling and is required for normal folliculoge-
nesis, ovulation, and luteolysis [7, 8]. Indeed, granulosa cell-specific
knockouts of Ctgf in mice exhibit multiple defects in the reproduc-
tive system and severe subfertility [8]. In rat antral follicles, CTGF
is positively regulated by TGF-B and negatively regulated by follicle
stimulating hormone (FSH) both in vivo and in vitro [9]. Currently,
the paracrine regulation and reproductive functions of CTGF in hu-
mans remain elusive.

As amember of the TGF-g superfamily, bone morphogenetic pro-
tein 6 (BMP6) is an intraovarian paracrine factor that is expressed in
the oocyte and granulosa cells in mammalian follicles [10, 11]. Ani-
mal studies have shown that the depletion of Bmp6 in mice resulted
in a subfertile phenotype with a reduced ovulation rate (ovulate 24%
fewer eggs), oocytes and embryos with an impaired quality (preim-
plantation decreased by 50%), and a decreased litter size (reduced
by 24%) [12]. The essential role of BMP signaling pathway in fol-
licular function was further demonstrated by conditional knockout
mouse models for BMP type I receptors (BMPR1A and BMPR1B) or
SMAD1/5/8 in granulosa cells of growing follicles, as the depletion
of these genes led to the oncogenic transformation of the related cells
[13, 14]. Moreover, targeted depletion of Smad4 in granulosa cells
was associated with premature luteinisation, cumulus cell defect, and
subsequent ovulation failure [15]. These results suggest that BMP6 is
part of the complex genetic network that modulates female fertility.
Additionally, in vitro studies have shown that BMPé6 significantly
attenuated the stimulatory effect of FSH on the production of pro-
gesterone by downregulating several steroidogenic enzymes in rats
[16]. In the human ovary, BMP6 suppressed luteinization and as a
result the production of progesterone was decreased. [17]. Indeed,
the expression of BMP6 is increased in the human corpus luteum and
acts as a critical luteolysis mediator [17]. Collectively, the results ob-
tained from animal studies and clinical data suggest that BMP6 is an
important intraovarian modulator of follicular development.

Given its essential role in the regulation of follicular function,
the regulation and underlying molecular mechanism of intraovarian
CTGF have been the subjects of considerable studies investigating re-
productive biology. The dramatic spatiotemporal expression pattern
of CTGF in the ovarian follicles is accompanied by the intrafollicular
expression of BMP6. Based on these findings, we propose that the
intraovarian paracrine factor BMP6 exerts its regulatory function by

promoting the expression of CTGF in granulosa cells in periovula-
tory follicles. In this study, we aimed to examine the regulatory effect
of BMP6 on the expression of CTGF and the molecular mechanisms
underlying this regulation in human granulosa-lutein (hGL) cells.

Materials and methods

Preparation and culture of primary and immortalized
hGL cells

This research was conducted in accordance with SSR’s specific guid-
ance and standards. The primary hGL cells used in this study were
obtained from patients who provided informed consent after obtain-
ing approval from the University of British Columbia Research Ethics
Board. The controlled ovarian stimulation protocol applied to the in
vitro fertilization (IVF) patients was performed as previous described
[18]. The collected hGL cells were purified via density centrifugation
from follicular aspirates collected from women undergoing oocyte
retrieval as previously described [19, 20]. The individual primary
cell cultures were composed of cells from one individual patient.
The purified granulosa cells were seeded (2 x 10° cells/well in 12-
well plates) and cultured at 37°C in a humidified atmosphere with
5% CO; in 95% air in Dulbecco’s Modified Eagle Medium/nutrient
mixture F-12 Ham (DMEM/F-12; Sigma-Aldrich Corp, Oakville,
ON) supplemented with 10% charcoal/dextran-treated fetal bovine
serum (HyClone, Logan, UT), 100 U/ml penicillin (Life Technolo-
gies, Inc/BRL, Grand Island, NY), 100 ug/ml streptomycin sulfate
(Life Technologies, Inc/BRL), and 1X GlutaMAX (Invitrogen, Life
Technologies). The culture medium was changed every other day
in all experiments. Alternatively, the nontumorigenic immortalized
human granulosa cell line SVOG (passage number 8-20), which was
previously produced by Simian virus 40 large T antigen transfection
of early luteal phase human granulosa cells obtained from patients
undergoing IVF [21], was used in this study. Because the immortal-
ized SVOG cells were generated from primary hGL cells, these cells
display biological responses to many different treatments that are
similar to the responses of hGL cells [22-26].

Antibodies and reagents

Recombinant human BMP6 (#507-BP-020), recombinant hu-
man TGF-B1 (#240-B-010), dorsomorphin dihydrochloride (dor-
somorphin) (#3093/10), DMH-1 (#4126/10), and SB431542
(#1614/10) were obtained from R&D Systems (Minneapolis,
MN). Recombinant human BMP6 and TGF-81 were sup-
plied lyophilized from a 0.2 um filtered solution of 4 mM
HCL with 0.1% BSA as a carrier protein. The polyclonal
goat anti-CTGF antibody (sc-34 772, RRID:AB_.2087481, di-
luted at 1:1000), monoclonal mouse anti-CYR61 antibody
(sc-271 217, RRID:AB_10608730, diluted at 1:1000), poly-
clonal rabbit anti-SMAD1/5/8 antibody (N-18; sc-6031-R,
RRID:AB_785721, diluted at 1:1000), and polyclonal anti-actin
antibody (C-11) (sc-1615, RRID:AB_630835, diluted at 1:2000)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
The polyclonal rabbit anti-phospho-SMAD1 (Ser*¢¥465)/SMADS
(Ser*63/465)/SMADS (Ser*26/428) (#13 820, RRID: AB_2 493 181,
diluted at 1:1000) antibody, monoclonal rabbit anti-phospho-
SMAD?2 (#3108, RRID:_490941, diluted at 1:1000) antibody, mon-
oclonal mouse anti-SMAD2 (#3103, RRID: 490816, diluted at
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1:1000) antibody, monoclonal rabbit anti-phospho-SMAD3 (#9520,
RRID: 2193207, diluted at 1:1000) antibody, monoclonal rabbit
anti-SMAD3 (#9523, RRID: 2193182, diluted at 1:1000) antibody,
and polyclonal rabbit anti-SMAD4 (#9515, RRID:AB_2193344, di-
luted at 1:1000) antibody were obtained from Cell Signaling Tech-
nology (Beverly, MA). The horseradish peroxidase-conjugated goat
anti-rabbit (diluted at 1:5000) and goat anti-mouse IgGs (diluted at
1:5000) were obtained from Bio-Rad Laboratories (Hercules, CA).
The horseradish peroxidase-conjugated donkey anti-goat IgG was
obtained from Santa Cruz Biotechnology.

Reverse transcription quantitative real-time PCR

The total RNA was extracted using TRIzol reagent (Invitrogen, Life
Technologies) according to the manufacturer’s instructions. Reverse
transcription into first-strand cDNA was performed with 2 pug of
RNA, random primers, and Moloney murine leukemia virus reverse
transcriptase (Promega, Medison WI). Each 20-ul qPCR reaction
contained 1X SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA), 20 ng of ¢cDNA and 250 nM of each specific
primer. RT-qPCR was performed using an Applied Biosystems 7300
real-time PCR (RT-qPCR) system equipped with a 96-well optical
reaction plate. The specificity of each assay was validated based on
a dissociation curve analysis and agarose gel electrophoresis of the
PCR products. Three independent experiments were performed us-
ing different cultures, and each sample used in the RT-qPCR exper-
iment was assayed in triplicate. The mRNA levels were determined
by obtaining the mean value of triplicate measurements. The relative
quantification of the mRNA levels was performed using the com-
parative cycle threshold (Ct) method with the 2424¢ formula, and
GAPDH was used as a reference gene.

Western blot analysis

After the treatment, the cells were lysed in lysis buffer (Cell Sig-
naling Technology) containing a protease inhibitor cocktail (Sigma-
Aldrich). The extracts were centrifuged at 14 000 rpm for 15 min
at 4°C to remove the cellular debris. The protein concentrations
were quantified using a DC Protein Assay (Bio-Rad Laboratories).
Equal amounts (50 pg) of protein were separated via 10% SDS-
PAGE and transferred onto polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat dry milk in Tris-buffered
saline containing 0.05% Tween 20 for 1 h and incubated overnight
at 4°C with the primary antibodies. After washing with 1X Tris-
buffered saline, the membranes were incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody for 1 h. The
immunoreactive bands were detected via an enhanced chemilumi-
nescent substrate or a SuperSignal West Femto Chemiluminescence
Substrate (Pierce, Rockford, IL). The membranes were stripped with
stripping buffer at 50°C for 30 min and reprobed with the goat
anti-actin antibody as a loading control.

Immunofluorescence staining

Cells were plated on glass cover slips, fixed with 4% paraformalde-
hyde in PBS for 20 min, and then permeabilized with 0.1% Triton
X-100 in PBS for 5 min. After the cells were washed with PBS, the
cover slips were mounted on microscope slides and blocked with
Dako Protein Block (Dako, Mississauga, ON, Canada) for 1 h fol-
lowed by an overnight incubation with phosphor-SMAD1/5/8 anti-
bodies (1:50 diluted in Dako Protein Block). Alexa Fluor 555 donkey
antirat IgG (Life Technologies) was used as a secondary antibody. Fi-
nally, the cells were counterstained with the chromosomal dye DAPI

(Sigma-Aldrich), rinsed with PBS, mounted in Gelvatol and imaged
under a Zeiss Axiophot fluorescence microscope equipped with a
digital camera (Q Imaging, Burnaby, BC, Canada).

Small interfering RNA transfection

To knock down endogenous gene expression, the cells were trans-
fected with 25 nM or 50 nM ON-TARGET plus SMART pool small
interfering RNA (siRNA) targeting specific genes, ALK2 (ACVR1,
#L-0 04924-00-0010), ALK3 (BMRP1A, #L-0 04933-00-0010),
SMAD4 (#L-0 03902-00-0010), or CTGF (#L-01 2633-01-0010)
(Dharmacon, Lafayette, CO) using Lipofectamine RNAIMAX (Invit-
rogen, Life Technologies). siCONTROL Non-Targeting pool siRNA
(#D-0 01810-10-20) (Dharmacon) was used as the transfection
control. The knockdown efficiency was confirmed via RT-PCR or
western blotting.

Statistical analysis

The results are presented as the mean + SEM of at least three in-
dependent experiments. Multiple comparisons were analyzed via a
one-way analysis of variance followed by Tukey’s multiple com-
parison tests using PRISM software (GraphPad Software, Inc., San
Diego, CA). Statistical significance was defined as P < 0.05.

Results
Regulation of CTGF by BMP6 in hGL cells

The serum levels of BMP6 in mice, bovine and humans are 55.46—
128.7 pg/ml, 2.75-8.14 ng/ml, and 0.5-2.75 ng/ml, respectively [27,
28]. Based on most granulosa cell culture-related studies, we chose
the concentration levels of 5-100 ng/ml to conduct our in vitro
study [11, 17, 29]. To investigate whether BMP6 might mediate the
regulation of CTGF expression, we treated SVOG cells with various
concentrations (5, 20, and 100 ng/ml) of recombinant human BMP6
(BMP6). The expression of CTGF was analyzed using RT-qPCR and
western blotting. As shown in Figure 1A, the 3-h BMP6 treatment
increased the mRNA levels of CTGF in a concentration-dependent
manner. Additionally, the results obtained from western blot analysis
showed that the 6-h BMP6 treatment increased the protein levels
of CTGF in a concentration-dependent manner (Figure 1B). Then,
we examined the time course effects of BMP6 on CTGF expression.
Because the concentration of BMP6 that had biological effect started
at 20 ng/ml, we chose 30 ng/ml BMP6 to conduct the time course
study. The SVOG cells were treated with 30 ng/ml BMP6 for various
durations (1, 3, 6, 12, and 24 h). The results showed that the mRNA
levels of CTGF increased at 1 h of the BMP6 treatment, reached its
peak at 3 h, and remained elevated at 24 h (Figure 1C). Moreover,
the protein levels of CTGF were increased at 3 h and remained
elevated at 24 h after the BMP6 treatment (Figure 1D). The primary
hGL cells obtained from patients undergoing the IVF procedure were
used to further confirm the functional role of BMP6 in the regulation
of CTGF expression. Consistent with the results obtained using the
SVOG cells, the BMP6 treatment increased the mRNA and protein
levels of CTGF in a concentration-dependent manner (Figures 1E

and F).

BMP6 did not affect the expression of CYR61

in hGL cells

CYR61 and CTGF represent the two first identified proteins in
the CCN family that play critical roles in the female reproductive
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Figure 1. BMP6 upregulates the expression of CTGF in hGL cells. A and B, SVOG cells were treated with a vehicle control or increasing concentrations (5, 20, or
100 ng/ml) of BMP6 for 3 h (A) or 6 h (B), and the mRNA (A) and protein (B) levels of CTGF were examined using RT-qPCR and western blotting, respectively. C
and D, SVOG cells were treated with vehicle control or 30 ng/ml of BMP6 for 1, 3, 6, 12, or 24 h, and the mRNA (C) and protein (D) levels of CTGF were examined
using RT-gPCR and western blotting, respectively. E and F, Primary hGL cells were treated with a vehicle control or increasing concentrations (5, 20, or 100 ng/ml)
of BMP6 for 3 h (E) or 6 h (F), and the mRNA (E) and protein (F) levels of CTGF were examined using RT-qPCR and Western blot, respectively. The results are
expressed as the mean + SEM of at least three independent experiments. Values marked by different letters are significantly different (P < 0.05). B6, BMP6; Ctrl,

control; hGL, primary human granulosa lutein.

system [1, 8, 30]. Subsequently, we investigated the effect of BMP6
on the expression of CYR61 in hGL cells. As shown in Figures 2A
and B, the treatment with various concentrations (5, 20, and
100 ng/ml) of BMP6 for 3 h did not alter the mRNA (Figure 2A) and
protein (Figure 2B) levels of CYR61 in SVOG cells. Additionally,
the time course studies revealed that neither the mRNA (Figure 2C)
nor the protein (Figure 2D) levels were altered by the treatment with

30 ng/ml BMP6 at any time point examined in SVOG cells. Similarly,
the treatment with various concentrations (3, 20, and 100 ng/ml) of
BMP6 for 3 h did not alter the mRNA (Figure 2E) and protein (Fig-
ure 2F) levels of CYR61 in primary hGL cells. To investigate the
functional role of intraovarian factor in the regulation of CYR61
in hGL cells, we used another TGF-8 superfamily member TGF-A1
to examine the expression of CYR61. As shown in Figures 3, the
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Figure 2. BMP6 does not affect the expression of CYR61 in hGL cells. (A and B) SVOG cells were treated with a vehicle control or increasing concentrations (5, 20,
or 100 ng/ml) of BMP6 for 3 h (A) or 6 h (B), and the mRNA (A) and protein (B) levels of CYR61 were examined using RT-gPCR and western blotting, respectively.
(C and D) SVOG cells were treated with vehicle control or 30 ng/ml of BMP6 for 1, 3, 6, 12, or 24 h, and the mRNA (C) and protein (D) levels of CYR61 were
examined using RT-gPCR and western blotting, respectively. (E and F) Primary hGL cells were treated with a vehicle control or increasing concentrations (5, 20,
or 100 ng/ml) of BMP6 for 3 h (E) or 6 h (F), and the mRNA (E) and protein (F) levels of CYR61 were examined using RT-qPCR and western blotting, respectively.
The results are expressed as the mean + SEM of at least three independent experiments. Values marked by different letters are significantly different (P < 0.05).

treatment with TGF-81 did not alter the expression levels (mMRNA
and protein) of CYR61 in any concentration used (Figures 3A and
B) or at any time point examined (Figures 3C and D).

ALK2 and ALK3 mediated the BMP6-induced activation
of SMAD1/5/8 and expression of CTGF

To further investigate the molecular mechanisms underlying the
BMPé6-induced increase in CTGF expression, we treated SVOG cells
with 30 ng/ml BMP6 for different durations. The results showed

that the BMP6 treatment promptly increased the p-SMAD1/5/8
protein levels at all time points examined (20, 40, and 60 min)
(Figure 4A). We further used two BMP type I receptor inhibitors,
i.e. dorsomorphin (inhibitor of ALK2/3/6) and DMH-1 (inhibitor of
ALK2/3), to investigate the involvement of type I receptor in this
effect. As shown in Figure 4B, the pretreatment with either dor-
somorphin (5 uM) or DMH-1 (5 uM) inhibited the response that
BMP6 increased the p-SMAD1/5/8 protein. To determine the sub-
cellular localization of the phosphorylated SMAD1/5/8 protein, we
immunolabelled and probed SVOG cells with phosphor-SMAD1/5/8
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antibodies. The immunofluorescence staining in SVOG cells
that
mic immunoreactivity for phosphorylated SMAD1/5/8 protein
(Figure 4C). However, the treatment with 30 ng/ml BMPé for
20, 40 or 60 min did not induce the phosphorylated SMAD2
and SMAD3, which are the canonical downstream signaling
mediators for TGF-81 (Figure 4D). Similarly, the addition of
BMP type I inhibitors dorsomorphin and DMH-1 did not al-
ter the TGF-B1-induced phosphorylation of SMAD2 or SMAD3
(Figure 4E). Notably, the pretreatment with either dorsomorphin
(5 uM) or DMH-1 (5 uM) reversed the BMP6-induced increases in
the mRNA (Figure 5A) and protein (Figure 5B) levels of CTGF.
In contrast, the pretreatment with TGF-B8 type I receptor in-
hibitor SB431542 did not BMP6-induced up-regulation of CTGF

showed there was a significant increase in cytoplas-

(Figures 5C and D). The siRNA-based approach was used to confirm
that specific type I receptor mediates the effects of BMP6. As shown
in Figure SE, the knockdown of either ALK2 or ALK3 only par-
tially reversed the increases in p-SMAD1/5/8 in response to BMP6.
However, the concomitant knockdown of ALK2 and ALK3 com-
pletely reversed the BMP6-induced increases in the CTGF mRNA
levels (Figure SF).

SMAD-dependent signaling mediates BMP6-induced
stimulation of CTGF in SVOG cells

To further confirm the role of the SMAD signaling pathway in the
BMPé6-induced stimulation of CTGF expression, we knocked down
the common signaling transducer SMAD4 using specific siRNA. As
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60 min, and the phosphorylated protein levels of SMAD1/5/8 were examined using western blotting. (B) SVOG cells were pretreated with a vehicle control
(DMSO0), 5 uM dorsomorphin, or 5 ©M DMH-1 for 60 min, and then treated with 30 ng/ml| BMP6 for an additional 40 min. The phosphorylated protein levels of
SMAD1/5/8 were examined using western blotting. (C) SVOG cells were treated with a vehicle control or 30 ng/ml BMP6 for 40 min, fixed in 4% paraformaldehyde
in PBS, and examined for phosphorylated SMAD1/5/8 (red) and nuclear (DAPI in blue) immunofluorescence. (D) SVOG cells were treated with a vehicle control,
30 ng/ml of BMP6 (for 20, 40, or 60 min) or 5 ng/ml of TGF-81 (for 20 min as a positive control) and the phosphorylated protein levels of SMAD2 and SMAD3
were examined using western blotting. (E) SVOG cells were pretreated with a vehicle control (DMSO), 5 ©M dorsomorphin, or 5 «M DMH-1 for 60 min, and then
treated with 30 ng/ml BMP6 for an additional 40 min. The phosphorylated protein levels of SMAD2 and SMAD3 were examined using western blotting. The
results are expressed as the mean £ SEM of at least three independent experiments. Values marked by different letters are significantly different (P < 0.05).

shown in Figure 6A, the knockdown of SMAD4 significantly re-
versed the stimulatory effect of BMP6 on the CTGF mRNA level.
Consistent with the results obtained from RT-qPCR, the western
blot analysis showed that the knockdown of SMAD4 significantly
reversed the stimulatory effect of BMP6 on the CTGF protein level
(Figure 6B). However, the knockdown of SMAD4 did not alter the
basal level or BMP6-induced level of CYR61 expression in SVOG
cells (Figures 6C and D).

CTGF mediates BMP6-induced up-regulation of lysyl
oxidase expression in SVOG cells

To demonstrate the biological response of the increase in CTGF
expression induced by BMP6 in immortalized hGL cells, we then
used a target gene lysyl oxidase (LOX) that is the downstream of
CTGF (22, 23]. As shown in Figure 7, the treatment with BMP6
(30 ng/ml) up-regulated the expression of LOX, and this stimulatory
effect was reversed by knocking down of CTGF in SVOG cells.
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Figure 5. ALK2 or ALK3 is required for the BMP6-induced upregulation of CTGF expression in SVOG cells. (A and B) SVOG cells were pretreated with a vehicle
control (DMSO), 5 M dorsomorphin, or 5 M DMH-1 for 60 min, and then treated with 30 ng/ml BMP6 for an additional 3 h (A) and 6 h (B), and the mRNA
(A) and protein (B) levels of CTGF were examined using RT-gPCR and western blot, respectively. (C and D) SVOG cells were pretreated with a vehicle control
(DMSO) or 5 M SB431542 for 60 min, and then treated with 30 ng/ml BMP6 for an additional 3 h (C) and 6 h (D), and the mRNA (A) and protein (B) levels
of CTGF were examined using RT-qPCR and western blot, respectively. (E and F) SVOG cells were transfected for 24 h with 25 nM of control siRNA (siCtrl),
25 nM of ALK2 siRNA (siALK2), 25 nM of ALK3 siRNA (siALK3), or 25 nM of siALK2 combined with 25 nM of siALK3, followed by treatment with vehicle control
or 30 ng/ml of BMP6 for 40 min (E) and 3 h (F). The phosphorylated protein levels of SMAD1/5/8 (E) and mRNA levels of CTGF were examined using western
blotting and RT-qPCR, respectively. The results are expressed as the mean + SEM of at least three independent experiments. Values marked by different letters

are significantly different (P < 0.05). ALK, activin receptor-like kinase.

Discussion

In the present study, we demonstrated that CTGF is an intrafol-
licular molecule that is expressed in both immortalized and pri-
mary hGL cells. Consistent with our results, previous studies have

shown that CTGF was highly expressed in hGL cells in growing
follicles [31]. It has been well-documented that the expression of
intraovarian CTGF is mainly controlled by pituitary-derived en-
docrine effects. Specifically, FSH and human chorionic gonadotropin
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Figure 6. SMAD-dependent signaling pathway is required for the BMP6-induced stimulation of CTGF in SVOG cells. (A) SVOG cells were transfected for 24 h
with 25 nM of control siRNA (siCtrl) or 256 nM of SMAD4 siRNA (siSMAD4), followed by treatment with vehicle control or 30 ng/ml of BMP6 for 3 h. The mRNA
levels of SMAD4 and CTGF were examined using RT-qPCR. (B) SVOG cells were transfected for 24 h with 25 nM of control siRNA (siCtrl) or 25 nM of SMAD4
siRNA (siSMAD4) followed by treatment with vehicle control or 30 ng/ml of BMP6 for 6 h. The protein levels of CTGF and SMAD4 were examined using western
blotting. (C) SVOG cells were transfected for 24 h with 25 nM of control siRNA (siCtrl) or 25 nM of SMAD4 siRNA (siSMAD4), followed by treatment with vehicle
control or 30 ng/ml of BMP6 for 3 h. The mRNA levels of SMAD4 and CYR61 were examined using RT-qPCR. (D) SVOG cells were transfected for 24 h with
25 nM of control siRNA (siCtrl) or 25 nM of SMAD4 siRNA (siSMAD4) followed by treatment with vehicle control or 30 ng/ml of BMP6 for 6 h. The protein levels
of CYR61 and SMAD4 were examined using western blotting. The results are expressed as the mean = SEM of at least three independent experiments. Values

marked by different letters are significantly different (P < 0.05).

negatively regulate CTGF expression [9, 32]. However, the intrafol-
licular paracrine regulation of this factor in human granulosa cells
is largely unknown. Using both SVOG and primary hGL cells as
study models, we showed that the expression of CTGF was induced
by BMP6. Similarly, our previous studies have shown that CTGF
can be upregulated by several TGF-g superfamily members, includ-
ing TGF-B1, activin A, and growth differentiation factor (GDF) 8
[23, 33, 34]. Ligands of the TGF-B superfamily exert their functions
by binding to two serine/Threonine (type I and type II) receptors,

which further regulate downstream target gene expression by phos-
phorylating the receptor-regulatory SMAD (R-SMAD) transcription
factors. Specifically, two distinct models of the ligand-receptor bind-
ing exist. BMPs and AMH activate SMAD1/5/8 via ALK2, ALK3, or
ALK6, whereas TGF-Bs, activins and some GDFs activate SMAD2/3
via ALK4, ALKS, or ALK7 [35, 36]. In most tissues, after the phos-
phorylation of type I receptors, the phosphorylated R-SMADs then
associate with the common SMAD (SMAD4) and translocate into
the nucleus to regulate target gene expression. In this regard, both
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activated SMAD2/3 and SMAD1/5/8 act to modulate the expres-
sion of CTGF in a similar manner, indicating that the human CTGF
promoter may have SMAD binding sites for either phosphorylated
SMAD2/3 or SMAD1/5/8. Taken together, these findings suggest
that the regulation of CTGF in hGL cells is multifactorial and mod-
ulated in both endocrine and paracrine manners. Future studies are
required to investigate the interaction between the action exerted
by these endocrine and paracrine factors in the regulation of CTGF
expression and the mechanism by which CTGF mediates these in-
traovarian growth factors to perform various follicular and luteal
functions.

In the present study, our results showing that the intraovarian
BMP6 can regulate the expression of CTGF but not CYR61, indicat-
ing that these two structure-related molecules are differentially regu-
lated in hGL cells. Accumulating evidence has supported functional
roles for these two factors in endocrine pathways and endocrine-
related processes [37]. However, study have shown that there is an
aberrant expression of these CCN family members in normal and
pathological tissues in humans [2, 38]. In addition to the clinical
implications of aberrant expression, studies have demonstrated a
contrasting and differential expression of CTGF and CYR61, which
are differentially regulated and may play important but contrasting
roles in certain human diseases [38].

A comprehensive understanding of the molecular mechanisms
and related cellular components mediating the responses to BMP6 is
highly important for the development of treatment strategies for pa-
tients with ovarian pathology and diseases. Despite the critical role
of BMP6 in ovarian physiology and fertility, the cellular receptors
mediating the biological activities of BMP6 are largely unknown. In
many mammalian cells, BMP-induced activation of SMAD1/5/8 is
mainly mediated by ALK2, ALK3, or ALK6 [36]. Only a few studies
have attempted to identify the ALKs required for cellular activities
in response to BMP6 in human granulosa cells. Using two BMP
type I receptor inhibitors (DMH-1 and dorsomorphin), our results
showed that pretreatment with either DMH-1 (ALK2/3 inhibitor)
or dorsomorphin (ALK2/3/6 inhibitor) completely reversed the ef-
fects of BMP6 on the activation of SMAD1/5/8 and upregulation
of CTGF, indicating that either ALK2 or ALK3 is required for the
cellular activities of BMP6. To further determine which ALK is in-
volved in the BMP6-induced cellular activities, we subsequently used
specific siRNA to knock down these type I receptors. The results
obtained from our siRNA-based experiments clearly showed that

ALK2 and ALK3 are the principal physiologic receptors for BMP6
in hGL cells, providing convincing evidence for the development of
translational approaches in clinical applications. Our previous stud-
ies have demonstrated that CTGF expression can be regulated by
another TGF-8 superfamily member TGF-1, which is mediated by
ALKS (TGF-B type I receptor) [33]. All these finding suggest that
this critical endocrine regulator (CTGF) is differentially regulated by
different intrafollicular factors through a receptor specific manner,
which sheds light into detailed molecular mechanisms for therapeutic
implications.

Data obtained from studies using conditional knockout models
demonstrated that the ovarian-specific depletion of Smad4 in mice
resulted in subfertility with multiple defects in follicular develop-
ment, including cumulus cell defects, disruption of steroidogenesis,
and premature luteinization of granulosa cells, leading to premature
ovarian failure [15]. These results highlight the essential role of the
SMAD4-mediated signaling pathway in the development of ovarian
follicles, especially during the differentiation process of granulosa
cells. Using the specific siRNA knock down technique, our results
showed that a SMAD4-driven signaling pathway is required for the
BMPé6-induced stimulation of CTGF expression. Although previ-
ous studies have demonstrated that members of the BMP subfamily
can activate both SMAD-dependent and SMAD-independent path-
ways [39], our results indicate that BMP6 positively regulates the
expression of CTGF most likely via the SMAD-dependent pathway.
A limitation of the present study is that we did not provide data
regarding how SMAD1/5/8-SMAD4 translocates into the nucleus
and interacts with CTGF promoter sequences following the response
to BMP6. However, our previous studies have identified a specific
SMAD binding site in the human CTGF promoter of SVOG cells
after exposure to GDF 8 [22].

In summary, we demonstrated that BMP6 stimulates the ex-
pression of CFGF at both the transcriptional and translational lev-
els in hGL cells. Additionally, our results indicate that ALK2 and
ALKS3 type I receptors are required for BMP6-induced cellular activ-
ities. Furthermore, this effect is most likely mediated by a SMAD-
dependent pathway. Notably, functional study demonstrated that
the increased CTGF expression mediates the BMP6-induced up-
regulation of LOX in hGL cells (Figure 8). Our in vitro studies
provided novel insight into the molecular mechanisms by which an
intraovarian growth factor affects the production of another factor
via a paracrine mechanism in hGL cells.
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(SMAD4). This complex then translocates into the nucleus to promote the transcription of CTGF The up-regulation of CTGF subsequently contributes to the

increase in LOX expression in human granulosa-lutein cells.
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Supplementary data are available at BIOLRE online.

Supplementary Figure. The specificity of the antibodies used in the
present study. SVOG cells were transfected for 24 h with 25 nM
of control siRNA (siCtrl) or 25 nM of specific siRNA targeting
CTGF (siCTGF), CYR61 (siCYR61), SMAD2 (siSMAD2), SMAD3
(siSMAD3), or SMAD4 (siSMAD4). The protein levels of CTGF,
CYR61,SMAD2, SMAD3, or SMAD4 were examined using western
blotting.
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