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Human granulosa cell tumors (GCTs) are rare, and their etiology remains largely unknown. Recently, the
FOXL2 402C > G (C134W) mutation was found to be specifically expressed in human adult-type GCTs;
however, its function in the development of human GCTs is not fully understood. Activins are members
of the transforming growth factor-beta superfamily, which has been shown to stimulate normal

Keyyvgrds: granulosa cell proliferation; however, little is known regarding the function of activins in human GCTs.
[F\cltll'vm . In this study, we examined the effect of activin A on cell proliferation in the human GCT-derived cell line
Fooxligatm KGN. We show that activin A treatment stimulates KGN cell proliferation. Treatment with the activin type

[ receptor inhibitor SB431542 blocks activin A-stimulated cell proliferation. In addition, our results show
that cyclin D2 is induced by treatment with activin A and is involved in activin A-stimulated cell prolif-
eration. Moreover, the activation of Smad signaling is required for activin A-induced cyclin D2 expression.
Finally, we show that the overexpression of the wild-type FOXL2 but not the C134W mutant FOXL2
induced follistatin production. Treatment with exogenous follistatin blocks activin A-stimulated cell pro-
liferation, and the overexpression of wild-type FOXL2 attenuates activin A-stimulated cell proliferation.
These results suggest that FOXL2 may act as a tumor suppressor in human adult-type GCTs by inducing

Human granulosa cell tumors

follistatin expression, which subsequently inhibits activin-stimulated cell proliferation.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Activins and inhibins belong to the transforming growth factor-
beta (TGF-B) superfamily and are originally identified based on
their ability to stimulate and inhibit pituitary FSH secretion,
respectively [1]. Activins are produced in many tissues, including
the ovary, where they regulate many important biological
functions through autocrine/paracrine actions. Activins are disul-
fide-linked homodimers of B subunits, and the primary isoforms
of activin are activin A (BA BA), activin AB (BA BB) and activin B
(BB BB) [1]. The effects of activin on normal granulosa cell prolifer-
ation have been described by few studies. Exogenous treatment
with recombinant activin A has been shown to increase DNA syn-
thesis in rat granulosa cells [2]. Studies with human granulosa cells
show that activin A stimulates cell proliferation in vitro [3].

Granulosa cell tumors (GCTs) are rare and account for approxi-
mately 2-5% of all ovarian cancers, which are the most common
type of ovarian sex cord-stromal tumor [4]. To date, the pathogen-
esis of GCTs is poorly understood, and there is no effective treat-
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ment beyond primary surgery. The mRNA and protein expression
patterns of inhibin o, BA and BB subunits have been identified in
human GCTs by RT-PCR and immunohistochemistry, respectively
[5,6]. It has been shown that serum levels of inhibin in women
with GCTs are significantly elevated, and measurements of serum
levels of inhibin can be used as a marker for early detection of
the disease and monitoring its recurrence [7]. Mice deficient in
the inhibin o subunit, which only results in a decrease of inhibins
without causing a decrease of activins, develop gonadal stromal tu-
mors [8]. In addition, treatment with activin A stimulates gonadal
stromal tumor cell proliferation [9]. However, the effect of activin
A on the formation and progression of human GCTs remains
unclear.

FOXL2 is a single-exon gene encoding a member of the fork-
head/winged-helix family of transcription factors, which is an early
marker of ovarian differentiation [10,11]. FOXL2 is expressed in
granulosa cells and plays a critical role in granulosa cell differenti-
ation and folliculogenesis [12]. Recently, the FOXL2 gene 402C > G
(C134W) mutation has been reported to be specifically present in
human adult-type GCTs (97%) [13]. These results indicate that
mutation of the FOXL2 gene may be involved in the tumorigenesis
of GCTs. Follistatin is highly expressed in granulosa cells and can
bind to activin with high affinity. Binding of follistatin to activin
blocks the majority of activin effects by preventing activin from
binding to the activin receptors [14,15]. It has been shown that


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.12.010&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.12.010
mailto:peter.leung@ubc.ca
http://dx.doi.org/10.1016/j.bbrc.2013.12.010
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

538 J.-C. Cheng et al./Biochemical and Biophysical Research Communications 443 (2014) 537-542

FOXL2 is required for follistatin expression [ 16]. However, whether
FOXL2 regulates follistatin expression in human GCTs remains
unknown.

KGN is a cell line derived from human GCTs and has been
shown to harbor the somatic FOXL2 gene 402C > G mutation in
the heterozygous state [17]. In the present study, we first exam-
ined the effect of activin A on KGN cell proliferation. Our results
show that treatment with recombinant human activin A stimulates
KGN cell proliferation by up-regulating cyclin D2 through a Smad-
dependent pathway. In addition, overexpression of wild-type
FOXL2 but not the C134W mutant up-regulates follistatin mRNA
levels and induces its production. Moreover, treatment with exog-
enous recombinant follistatin abolishes activin A-stimulated cell
proliferation. Overexpression of wild-type FOXL2 attenuates acti-
vin A-stimulated cell proliferation. These results indicate that in
human GCTs, FOXL2 may act as a tumor suppressor by up-regulat-
ing follistatin-mediated inhibition of activin A-stimulated cell
proliferation.

2. Materials and methods
2.1. Cell culture

The human granulosa-like tumor cell line KGN (stocked in the
RIKEN CELL Bank) was kindly provided by Dr. Toshihiko Yanase
(Department of Medicine and Bioregulatory Science, Kyushu Uni-
versity, Japan). This cell line was derived from a patient with inva-
sive ovarian granulosa cell carcinoma and retains the physiological
characteristics of normal granulosa cells, including the expression
of functional FSH receptor and the expression of aromatase [18].
KGN cells were grown in DMEM/F12 medium (Sigma-Aldrich,
Oakville, ON) supplemented with 10% fetal bovine serum (FBS; Hy-
clone Laboratories Inc., Logan, UT). The cultures were maintained
at 37 °C in a humidified atmosphere of 5% CO, in air.

2.2. Antibodies and reagents

Polyclonal anti-Smad4, anti-phospho-Smad2, monoclonal
anti-Smad2, anti-phospho-Smad3, anti-Smad3 and anti-cyclin D2
antibodies were obtained from Cell Signaling (Danvers, MA). A
monoclonal anti-a-tubulin antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Horseradish peroxidase-conju-
gated goat anti-mouse IgG and goat anti-rabbit IgG were obtained
from Bio-Rad Laboratories (Hercules, CA). The recombinant human
activin A was obtained from R&D Systems (Minneapolis, MN). The
recombinant human follistatin was obtained from Peprotech
(Rocky Hill, NJ).

2.3. Plasmid constructs and FOXL2 overexpression

The pcDNA3 expression vector encoding the full-length wild-
type human FOXL2 was kindly provided by Dr. Aaron Hsueh
(Department of Obstetrics and Gynecology, Stanford University)
[19]. The generation of FOXL2 gene 402C > G (C134W) construct
and FOXL2 overexpression were the same as described in our pre-
vious study [20].

2.4. Small interfering RNA (siRNA) transfection

To knock down endogenous cyclin D2 and Smad4, the cells were
transfected with 50nM ON-TARGETplus SMARTpool siRNA
targeting cyclin D2 and Smad4 (Dharmacon, Lafayette, CO) using
Lipofectamine RNAIMAX (Invitrogen, Life Technologies). The
siCONTROL NON-TARGETING pool siRNA (Dharmacon) was used
as the transfection control.

2.5. Western blot analysis

Equal amounts of protein were separated by SDS polyacryl-
amide gel electrophoresis and transferred to PVDF membranes.
Following blocking with Tris-buffered saline containing 5% non-
fat dry milk for 1 h, the membranes were incubated overnight at
4°C with primary antibodies followed by incubation with
HRP-conjugated secondary antibodies. The immunoreactive bands
were detected with enhanced chemiluminescent substrate. The
membranes were stripped with stripping buffer at 50°C for
30 min and reprobed with anti-o-tubulin as a loading control.

2.6. Reverse transcription quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Reverse transcription
was performed with 3 pg RNA, random primers and M-MLV re-
verse transcriptase (Promega, Madison, WI). The primers used for
the SYBR green reverse transcription-qPCR (RT-qPCR) were as fol-
lows: FOXL2, 5'-CAT GTT CGA GAA GGG CAA CT-3' (sense) and
5-AGG AAG CCA GAC TGC AGG TA-3' (antisense); follistatin,
5-TGC TCT GCC AGT TCA TGG-3’ (sense) and 5-CTT GAC GGA
GCC AGC AGT-3' (antisense); and GAPDH, 5-GAG TCA ACG GAT
TTG GTC GT-3' (sense) and 5'-GAC AAG CTT CCC GTT CTC AG-3'
(antisense). RT-qPCR was performed on an Applied Biosystems
7300 Real-Time PCR System equipped with a 96-well optical
reaction plate. Relative quantification of the mRNA levels was
performed using the comparative Ct method with GAPDH as the
reference gene using the formula 2722,

2.7. Enzyme-linked immunosorbent assay (ELISA)

A human follistatin ELISA was used according to the manufac-
turer’s protocol (R&D Systems, Minneapolis, MN). Briefly, the cells
were transfected with empty vector or vector encoding wild-type
FOXL2 or FOXL2 C134W mutant for 48 h. The culture media were
collected, and ELISA was used to measure the follistatin levels in
the culture media. The follistatin levels were normalized to the
protein concentrations from the cell lysates.

2.8. Statistical analysis

Theresults are presented as the mean + SEM of at least three inde-
pendent experiments. Multiple comparisons were analyzed by one-
way ANOVA followed by Tukey’s multiple comparison test using the
PRISM software. Significant differences were defined as p < 0.05.

3. Results
3.1. Activin A stimulates KGN cell proliferation

Because of the mitogenic effect of activin A in normal human
granulosa cells [3], we first tested the effect of activin A on the pro-
liferation of the human GCT-derived cell line KGN. KGN cells were
treated with or without different concentrations of recombinant
human activin A (1, 10, 25, 50 and 100 ng/ml) every 24 h for 72 h.
The effects of activin A on cell proliferation were determined by
MTT assay. As shown in Fig. 1A, treatment with 50 and 100 ng/ml
activin A significantly stimulated cell proliferation. Moreover, the
effects of activin A on KGN cell proliferation were further confirmed
by trypan blue exclusion assay (Fig. 1B). To further evaluate the pro-
proliferative effect of activin A on KGN cells, a selective inhibitor for
activin type I receptor, SB431542, was used [21]. As shown in
Fig. 1C, treatment with SB431542 did not significantly affect the
basal proliferation rate. However, activin A-stimulated cell prolifer-
ation was blocked by SB431542.
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Fig. 1. Activin A stimulates KGN cell proliferation. (A) and (B) The cells were treated
with increasing concentrations of activin A (1, 10, 25, 50 and 100 ng/ml) every 24 h
for 72 h. Cell proliferation was evaluated by MTT assay (A) and trypan blue
exclusion assay (B). (C) The cells were treated with 100 ng/ml activin A (Act A)
every 24 h for 72 h in combination with vehicle control (DMSO) and SB431542
(10 puM). Cell proliferation was evaluated by MTT assay. The results are expressed as
the mean * SEM of at least three independent experiments. The values without a
common letter are significantly different (p < 0.05).
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3.2. Cyclin D2 is required for activin A-stimulated cell proliferation

In rat primary granulosa cells, treatment with activin A up-
regulates cyclin D2 but does not affect the levels of cyclin D1 and
cyclin D3 [22]. Therefore, we determined whether cyclin D2 was
involved in activin A-stimulated KGN cell proliferation. Treatment
with 100 ng/ml activin A for 24 and 48 h significantly up-regulated
cyclin D2 protein levels in KGN cells (Fig. 2A). The activin
A-up-regulated cyclin D2 protein levels were blocked by treating
the cells with SB431542 (Fig. 2B). To further confirm whether
cyclin D2 was required for activin A-stimulated KGN cell prolifer-
ation, an siRNA-mediated depletion approach was used to knock-
down the endogenous cyclin D2. As shown in Fig. 2C, cyclin D2
siRNA not only down-regulated the basal levels of cyclin D2 but
also abolished cyclin D2 expression induced by activin A treat-
ment. The MTT assay results showed that activin A-stimulated
KGN cell proliferation was attenuated by knockdown of cyclin D2
(Fig. 2D). These results indicate that cyclin D2 is involved in activin
A-stimulated KGN cell proliferation.

3.3. Smad activation signaling is required for activin A-induced cyclin
D2 expression

It is well known that both TGF-B and activins activate Smad2
and Smad3 [23]. To determine whether activin A activates Smad2
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Fig. 2. Cyclin D2 is required for activin A-stimulated KGN cell proliferation. (A) The cells were treated with 100 ng/ml activin A (Act A) for 24 and 48 h. The protein levels of
cyclin D2 were evaluated by Western blot. (B) The cells were treated with 100 ng/ml activin A (Act A) every 24 h for 48 h in combination with vehicle control (DMSO) and
SB431542 (10 M). The protein levels of cyclin D2 were evaluated by Western blot. (C) The cells were transfected with 50 nM control siRNA (si-Ctrl) or cyclin D2 siRNA (si-
cyclin D2) for 48 h and then treated with 100 ng/ml activin A (Act A) every 24 h for 48 h. The protein levels of cyclin D2 were evaluated by Western blot. (D) The cells were
transfected with 50 nM control siRNA (si-Ctrl) or cyclin D2 siRNA (si-cyclin D2) for 48 h and then treated with 100 ng/ml activin A (Act A) every 24 h for 72 h. Cell
proliferation was determined by MTT assay. The results are expressed as the mean + SEM of at least three independent experiments. The values without a common letter are

significantly different (p < 0.05).
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Fig. 3. Activation of Smad signaling is required for activin A-induced cyclin D2
expression in KGN cells. (A) The cells were treated with 100 ng/ml activin A (Act A)
for 10, 30 and 60 min. The phosphorylation levels of Smad2 and Smad3 were
evaluated by Western blot. (B) The cells were treated with 100 ng/ml activin A (Act
A) in combination with vehicle control (DMSO) and SB431542 (10 uM) for 60 min.
The phosphorylation levels of Smad2 and Smad3 were evaluated by Western blot.
(C) The cells were transfected with 50 nM control siRNA (si-Ctrl) or Smad4 siRNA
(si-Smad4) for 48 h and then treated with 100 ng/ml activin A (Act A) every 24 h for
48 h. The protein levels of cyclin D2 were evaluated by Western blot. The results are
expressed as the mean + SEM of at least three independent experiments. The values
without a common letter were significantly different (p < 0.05).

and Smad3 in human GCTs, KGN cells were treated with 100 ng/ml
activin A for different periods of time. Western blot analysis
showed that treatment with activin A induced the phosphorylation
of Smad2 and Smad3 (Fig. 3A). Moreover, the activin A-induced
Samd2 and Smad3 activations were blocked by treating the cells
with SB431542 (Fig. 3B). To determine whether Smad signaling
was involved in activin A-up-regulated cyclin D2 expression, an
siRNA-mediated depletion approach was used to knockdown the
endogenous common Smad, Smad4. Western blot analysis showed
that Smad4 siRNA significantly knocked down the endogenous
Smad4 protein levels. Moreover, activin A-up-regulated cyclin D2
protein levels were attenuated by knockdown of Smad4 (Fig. 3C).

3.4. Wild-type FOXL2-induced follistatin inhibits activin A-stimulated
KGN cell proliferation

Follistatin binds to activin to inhibit its functions; however,
whether FOXL2 regulates follistatin in human GCT-derived KGN
cells remains unclear. Therefore, KGN cells were transiently trans-
fected with FOXL2 to determine the effects of FOXL2 on follistatin
expression. The overexpression of wild-type and C134W mutant
FOXL2 was confirmed by RT-qPCR (Fig. 4A). The overexpression
of wild-type FOXL2 up-regulated follistatin mRNA levels; however,
the overexpression of C134W mutant FOXL2 did not significantly
affect the follistatin mRNA levels (Fig. 4B). Similarly, the ELISA re-
sults showed that the overexpression of wild-type but not the
C134W mutant FOXL2 increased follistatin production in KGN cells
(Fig. 4C). In addition, treatment with exogenous recombinant hu-
man follistatin attenuated activin A-stimulated KGN cell prolifera-
tion (Fig. 4D). Moreover, the overexpression of wild-type FOXL2 or

C134W FOXL2 did not significantly affect the basal cell prolifera-
tion, which was consistent with our recent previous study
(Fig. 4E) [20]. Interestingly, only the overexpression of wild-type
FOXL2, but not C134W FOXL2, attenuated activin A-stimulated
KGN cell proliferation (Fig. 4E). Overall, these results indicate that
the overexpression of wild-type FOXL2 induced follistatin produc-
tion, which in turn blocked the pro-proliferative effect of activin A
on KGN cells.

4. Discussion

To date, the pathogenesis of human GCTs and the cellular path-
ways that regulate cell proliferation and survival in GCTs remain
poorly understood [24]. It is well known that activin regulates
many physiological functions, particularly in the reproductive sys-
tem [25]. In addition, activin has been shown to be involved in the
regulation of the progression of numerous types of human cancers
[26]. Interestingly, activin A is pleiotropic; therefore, it is either
tumorigenic or anti-tumorigenic, depending on the cell type [27].
In normal human granulosa cells, treatment with activin A induces
cell proliferation [3]. In human epithelial ovarian cancer cells, acti-
vin A increases cell proliferation and Matrigel invasion [28]. More-
over, epithelial ovarian cancer cells that respond to activin A are
more aggressive in xenograft models [28]. It has been shown that
inhibin A subunit-deficient mice develop GCTs [8]. The serum lev-
els of activin A are more than 10-fold higher in homozygous inhi-
bin-deficient mice than wild-type or heterozygous mice [29].
Interestingly, the overexpression of follistatin or inhibition of acti-
vin signaling reduces tumor progression in inhibin-deficient mice
[30-32]. These animal studies indicate that activin may be in-
volved in the progression of GCTs. However, whether activin A is
directly involved in the tumorigenesis of GCTs in humans remains
unclear. In the present study, our results demonstrated that treat-
ment with activin A induced human GCT-derived KGN cell prolifer-
ation. These results suggest a tumorigenic role of activin A in
human GCTs, which is similar to the results obtained from animal
model studies.

In mouse alphaT3-1 pituitary gonadotroph cells and the mouse
GCT-derived cell line KK1, FOXL2 has been shown to increase fol-
listatin promoter activity and up-regulate follistatin mRNA levels,
respectively [16,33]. The FOXL2 C134W mutation is detected in
KGN cells, whereas FOXL2 wild-type mRNA and protein expression
are not detected in another human GCT-derived cell line, COV434
[17,34]. Therefore, it has been postulated that KGN cells are de-
rived from adult GCTs and COV434 cells are derived from juvenile
GCTs [24]. A recent study showed that overexpression of the wild-
type FOXL2 in COV434 cells does not affect follistatin promoter
activity, whereas overexpression of the C134W FOXL2 mutant in-
creases follistatin promoter activity [35]. In the present study,
our results showed that overexpression of wild-type FOXL2, but
not the C134W mutant, increased follistatin mRNA levels and pro-
tein production in KGN cells. In addition to the promoter luciferase
assay, our results demonstrated, for the first time, that wild-type
FOXL2 regulated follistatin in human GCTs. Moreover, our results
suggest that FOXL2 may have different roles in the regulation of
follistatin in human adult and juvenile GCTs.

In summary, our studies demonstrate that activin A exerts pro-
proliferative effect on human GCTs-derived cells, KGN. The activin
A-stimulated cell proliferation is inhibited by follistatin. Moreover,
overexpression of wild-type FOXL2 up-regulates follistatin,
whereas the mutant C134W FOXL2 does not up-regulate follistatin.
These results suggest that FOXL2 may act as a tumor suppressor in
human adult-type GCTs by inducing follistatin expression, which
in turn inhibits activin-stimulated cell proliferation.
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