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Abstract
A single somatic FOXL2 mutation (FOXL2C134W) was identified in almost all granulosa cell
tumor (GCT) patients. In the pituitary, FOXL2 and Smad3 coordinately regulate activin
stimulation of follistatin transcription. We explored whether a similar regulation occurs in the
ovary, and whether FOXL2C134W has altered activity. We show that in primary granulosa cells,
GDF-9 and activin increase Smad3-mediated follistatin transcription. In contrast to findings in the
pituitary, FOXL2 negatively regulates GDF-9 and activin-stimulated follistatin transcription in the
ovary. Knockdown of endogenous FOXL2 confirmed this inhibitory role. FOXL2C134W displayed
enhanced inhibitory activity, completely ablating GDF-9 and activin-induced follistatin
transcription. GDF-9 and activin activity was lost when either the smad binding element or the
forkhead binding element were mutated, indicating that both sites are required for Smad3 actions.
This study highlights that FOXL2 negatively regulates follistatin expression within the ovary, and
that the pathogenesis of FOXL2C134W may involve an altered interaction with Smad3.
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1. Introduction
FOXL2 is a member of the forkhead transcription factor family required for normal ovary
and eyelid development [1]. Like other members of the forkhead family, it is comprised of
the characteristic 100 amino acid DNA-binding forkhead domain in addition to a
polyalanine tract at the C-terminus [1]. Histological studies in humans, mice and goats have
detected FOXL2 mRNA and protein in the mesenchyme of developing eyelids, in fetal and
adult granulosa cells (GCs) of the ovary, and in embryonic as well as adult gonadotrope and
thyrotrope cells of the pituitary [1–7]. Within the ovary, FOXL2 has been shown to be
essential for ovary development and function [8]. Germline FOXL2 mutations are present in
blepharophimosis-ptosis-epicanthus inversus syndrome (BPES) patients, an autosomal
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dominant condition characterized by defects in eyelid development with (type I) or without
(type II) premature ovarian failure [1,9–16]. BPES FOXL2 mutations can induce
cytoplasmic mislocalization as well as cytoplasmic or nuclear aggregation [15,17], which
most likely contributes to altered function in some patients.

In addition to germline FOXL2 mutations associated with BPES, recent studies have shown
that a single somatic FOXL2 mutation (FOXL2C134W) is present in almost all adult GC
tumors (GCTs) [18–20]. GCTs account for around 5% of ovarian cancers, with an overall
frequency of 1 per 100,000 women [21]. The majority of GCTs are in adults, with only
around 5% presenting in pre- or peri-pubertal patients [22]. FOXL2 mutations have not been
detected in juvenile GCT patients; however, FOXL2 expression is markedly reduced in
more than half of juvenile GCTs [23]. These findings provide further evidence that FOXL2
plays a key role in regulating normal GC growth and function. Interestingly, although
germline FOXL2 mutations are present in BPES patients, GCTs do not develop in these
patients. Therefore, in type I patients the predicted loss-of-function mutations that are
present during ovary development may prevent aberrant GC proliferation and tumor
development [23]. In type II BPES patients, as FOXL2 mutations do not appear to disrupt
ovarian function they likely exhibit normal regulation of ovarian gene targets. FOXL2 is
implicated in a number of cellular processes, including cell cycle arrest, apoptosis, cell
adhesion, genome stability and reactive oxygen species detoxification, which overall appear
to unite in tumor suppressor activity [24]. However, at present of the few known ovarian
FOXL2 targets evaluated, any differences between FOXL2wt and FOXL2C134W activity
have been modest at best and seem insufficient to explain GCT formation. Further, there
appears to be disparities depending on the cell line utilized, which may relate to the species
the cells/cell line is derived from, or inherent differences of primary GCs and tumor cells.

FOXL2 and Smad2/3 cooperatively regulate activin stimulation of follistatin [25], the β-
subunit of follicle-stimulating hormone (FSH) [26–28] and gonadotropin releasing hormone
receptor (GnRHR) [29] transcription in mouse pituitary cells. Potential cooperation between
Smad2/3 and FOXL2 in GCs is feasible as they are co-expressed in GCs of ovarian follicles
[30] [6,7] in which growth and differentiation factor-9 (GDF-9) and activin, the two
principal ovarian Smad2/3 signaling TGF-β superfamily members, are known to play
essential roles [31–33]. The 134Cys residue that is mutated in GCTs is located within the
forkhead domain that is required for DNA binding as well as binding to other cofactors;
modeling suggests that the mutation does not disrupt folding in this domain, interaction of
FOXL2 with DNA or cellular distribution [18]. Smad3 is known to require an intact
forkhead domain in FOXL2 for binding [25]. Therefore, if FOXL2 is involved in Smad2/3
signaling in the ovary, a loss of FOXL2 interaction with Smad2/3 as a result of FOXL2
mutations has the potential to significantly disrupt ovarian function. There is some evidence
to suggest that the mutation changes FOXL2 interaction with Smad3, with altered activity of
FOXL2C134W shown on the artificial GRAS luciferase reporter consisting of AP-1, FOXL2
and Smad binding sites [29,34]. Thus, altered interaction of FOXL2C134W with Smad3 may
contribute to GCT formation.

In addition to actions in the pituitary, follistatin also plays an important role in the ovary. In
mammalian ovaries, follistatin is highly expressed in GCs of developing follicles [35–38]
and has been shown to bind activin A, AB and B with high affinities [39–42], and upon
binding effectively block activin activity [43–48]. Follistatin is also able to bind some
BMPs, including BMP-2, -4, -7 and BMP-15, and inhibit the biological activities of these
proteins [49–51]. As GDF-9, like the BMPs and activin, is a member of the TGF-β
superfamily, it seems likely follistatin similarly binds and negates GDF-9 actions, though to
date this has not been established. Therefore, we hypothesized that if activin and GDF-9
stimulate GC follistatin gene expression, this may constitute a negative feedback loop with
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follistatin down-regulating their bioavailability. Due to the importance of these factors in the
local regulation of follicular recruitment and development, this feedback system if present is
most likely crucial in the balance needed for controlled folliculogenesis. As follistatin null
mice die within hours of birth due to widespread defects [52] it is impractical to directly
study in vivo the role of follistatin in folliculogenesis. However, as follistatin has been
identified as one of the few known FOXL2 targets in pituitary cells, it is reasonable to
hypothesize that FOXL2 also regulates ovarian follistatin expression.

The goal of this work was to confirm whether GDF-9 and activin regulate follistatin
expression in GCs, and secondly determine whether FOXL2 cooperates with Smad3 to
mediate GDF-9 and activin actions in GCs as seen in the pituitary. As an altered interaction
with co-regulatory factors, such as Smad3, is considered a potential mechanism for the
pathogenicity of the FOXL2C134W mutation linked to GCTs, we also evaluated whether
FOXL2C134W showed altered activity compared with FOXL2wt, to determine whether
dysregulation of the anti-proliferative follistatin may be involved in GC tumor formation. In
this study we focused on activin and GDF-9 signals as they utilize the Smad3 signaling
pathway and play essential roles in regulating GC function.

2. Materials and Methods
2.1. Plasmids and Reagents

Activin A [53] and recombinant human follistatin 288 [54] were generated by our laboratory
as previously described, rmGDF-9 was purchased from R & D Systems (Minneapolis, MN).
Phospho- Smad2 (#3101), phospho–Smad3 (#9520), total Smad2/3 (#3102), and β-actin
(#4967) antibodies used for western blots were purchased from Cell Signaling (Danvers,
MA). The FOXL2 antibody (IMG-3228) used for western blots was purchased from
Imgenex (San Diego, CA). Diethylstilbestrol (DES) and the Flag antibody (F1804) used for
western blots were purchased from Sigma-Aldrich Co. (St. Louis, MO). Female Sprague
Dawley rats were obtained from Charles River Laboratories (Wilmington, MA).

The activin-responsive p3TP-lux reporter plasmid [55], which contains three copies of a 12-
Otetraphorbol acetate-responsive element and the promoter of the human plasminogen
activator inhibitor-1-linked luciferase reporter gene, was a gift from Dr. Joan Massague. Rat
follistatin-luciferase (rFS-luc) reporter plasmids, N-terminally Flag-tagged hFOXL2wt and
N-terminally Myc–tagged hSmad2, -3 and -4 expression plasmids were kindly provided by
Dr. Louise Bilezikjian of the Salk Institute [25]. The rFS(2.9i)-luc and rFS(2.9)-luc plasmids
incorporate the −2864/+136 fragment of rat follistatin with or without the entire first intron
(+227/+2097) ligated to the 3’ end respectively. The rFS(0.3Ex45)-luc plasmid contains the
+1784/+1912 section of intron 1 downstream of a −312/+136 minimal promoter. The
+1784/+1912 section of intron 1 contains a forkhead-binding element (FBE) just
downstream of Smadbinding element (SBE). From the hFOXL2wt expression plasmid, we
generated the GCT mutant FOXL2C134W expression plasmid by site directed mutagenesis
using two sets of primers in a two-step PCR. Briefly, primers A (5’-
TACGTGGCGCTCATCGCCATGGCGATC-3’) and D (5’-
AGCGCCATGCTCTGCACGCGTGTGTAC-3’) contained Sty I and Mlu I restriction sites
respectively, while primers B (5’-CTCGAACATGTCTTCCCAGGCCGGGTCCAG-3’) and
C (5’-CTGGACCCGGCCTGGGAAGACATGTTCGAG-3’) included the 402 C to G (or
C402G) mutation that corresponds to the C134W amino acid change. The resulting mutant
FOXL2 was ligated to the pFlaghFoxl2/pCS2+ construct using standard procedures. The
SBE and FBE mutant forms of the rFS(0.3Ex45)-luc reporter were generated by PCR using
primers to introduce the substitutions into the rFS(0.3Ex45)-luc reporter. The SBE mutation
was the same as used by Blount et. al. [25]. The FBE mutation was a composite of smaller
mutations shown to prevent FOXL2 action on this reporter in pituitary cells [25]. A β-
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galactosidase reporter plasmid driven by the Herpes virus thymidine kinase promoter was
used as an internal control for transfection efficiency.

2.2. Harvest and culture of primary rat GCs
For harvest of primary rat GCs, female Sprague Dawley rats (24 days old) were implanted
with silastic implants (Dow Corning, Corp., Midland, MI) containing 10 mg DES to
stimulate GC proliferation. Four days after DES implantation GCs were harvested from the
ovaries as previously described [53]. Briefly, ovarian follicles were punctured with needles
to release GCs and oocytes, oocytes were subsequently removed using a 40 µm cell strainer .
GCs were cultured in serum-free McCoys 5A culture media containing antibiotics. The
Institutional Animal Care and Use Committee at the University of California, San Diego,
approved all animal protocols.

2.3. RNA extractions and quantitative real-time PCR
GCs were plated in 12-well tissue culture plates at a density of 1 × 106 cells/well. Cells were
treated with indicated doses of activin A or GDF-9 for 15 hr before media was removed and
total RNA collected and extracted using RNeasy mini kit (Qiagen, Valencia, CA) as per
manufactures instructions. RNA (1 µg) was reverse transcribed using the iScript cNDA
synthesis kit (Biorad, Hercules, CA) before quantitation of mRNA expression by
quantitative real-time PCR on a Biorad MyIQ iCycler. Primer sequences used were
(Forward, 5’-TGCTTAGGCTACAGAAGAGG-3’) and (Reverse, 5’-
CAGCTTCCTGATCTGTTGAC-3’) for L19, (Forward, 5’-
ATGTAAAGAGCAGCCGGAAC-3’) and (Reverse, 5’-
ATTGGTCTGATCCACCACAC-3’) for follistatin. Expression levels of the target gene
were normalized to L19 expression.

2.4. Transfections and Luciferase Reporter Assays
For follistatin luciferase reporter assays, GCs were plated into serum-coated 12-well tissue
culture plates at a density of 5 × 105 cells/well. The next day media were replaced with fresh
media containing 10% FBS and transfected with indicated plasmids for 4 hr using
Lipofectamine Ltx transfection reagent (Invitrogen, Carlsbad, CA) as per manufactures
instructions. At the end of the transfection, the media containing transfection reagents was
removed and replaced with fresh serum-free culture media and transfected cells cultured for
a further 24 hr with vehicle, activin A, or GDF-9 at described doses. Cells were lysed and
luciferase reporter activity measured using a dual-light reporter assay (Applied Biosystems,
Bedford, MA) on a Veritas Microplate luminometer. Luciferase activity was normalized to
the β-gal internal control to correct for transfection efficiency.

2.5. Western Blots
For evaluation of protein expression, GCs were plated into serum-coated 12-well tissue
culture plates at a density of 1 × 106 cells/well in 1 ml serum-free culture medium. For
measurement of activin and GDF-9 induction of phospho-Smad2 and phospho-Smad3, cells
were left to attach before treatment for 15, 60 or 120 minutes. For evaluation of FOXL2
protein levels, cells were transfected and cultured as described in 2.4. Total protein was
collected by lysis of cells in RIPA buffer containing a protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO). Cell lysates were added to 4X SDS sample buffer and heated to
95°C for 5 min to denature proteins. Cell lysates were separated on 10% SDS-PAGE gels
before transfer to nitrocellulose membranes. Membranes were incubated with primary
antibodies overnight at 4°C, washed then incubated with horseradish peroxidase-conjugated
secondary antibodies. Chemiluminescence detection was performed using SuperSignal West
Pico and Femto reagents (Thermo, Rockford IL).

McTavish et al. Page 4

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.6. FOXL2 siRNA
For siRNA experiments, GCs were plated into serum-coated 12-well tissue culture plates at
a density of 1 × 106 cells/well. The same day cells were transfected with 30 nM of scramble
(All Stars Negative Control siRNA, QIAGEN, Cambridge, MA) or FOXL2 (Custom siRNA,
sense strand sequence with a TT overhang 5’-GGCAUCUACCAGUACAUCATT-3’,
QIAGEN, Cambridge, MA) siRNA using Invitrogen RNAiMax as per manufactures
instructions. Cells were cultured overnight, then after a media change transfected with
luciferase reporters as in 2.4. At the end of the transfection, media containing transfection
reagents was removed and replaced with fresh serum-free culture media containing vehicle,
activin A or GDF-9 and cells cultured for a further 48 hr before determining luciferase
reporter activity as in 2.4.

2.7. Statistic analysis
Data analysis was performed using StatPlus (Chicago, IL) software using one-way ANOVA
or two-way ANOVA (as required), supplemented with Tukey-Kramer post hoc tests.
Significance was set at P < 0.05. Values or figures are all presented as the mean ± SEM.

3. Results
3.1. GDF-9 and Activin A regulation of follistatin mRNA expression

As activin has been shown to stimulate follistatin expression in the pituitary [56], and GCs
of the ovary express follistatin [36] and activin [57], initial experiments evaluated whether a
similar regulation occurs in the ovary. In addition to testing activin, we also evaluated
oocyte-derived GDF-9, as it is another predominant ovarian Smad2/3 signaling factor. To
evaluate whether activin and GDF-9 regulate follistatin in primary GCs, we treated primary
rat GCs with increasing doses of activin A and GDF-9. As shown in Fig. 1, both GDF-9 and
activin A dose-dependently induced follistatin mRNA expression in GCs within 15 hr of
treatment.

3.2. Ability of follistatin to antagonize GDF-9 and Activin A
The ability of follistatin to bind to and inhibit activin actions is well known. However, the
capacity for follistatin to similarly prevent GDF-9 actions has not been described. We pre-
incubated GCs with follistatin at increasing doses before treatment with a fixed dose of
either activin A or GDF-9 and evaluated the effects on follistatin mRNA expression. While
follistatin inhibited activin A induction of follistatin mRNA, follistatin had no effect on the
ability of GDF-9 to increase follistatin mRNA (Fig. 2). We achieved the same result (data
not shown) when GDF-9 was pre-incubated with follistatin for 30 minutes before adding to
cells.

3.3. GDF-9 and Activin A regulation of follistatin transcription
To confirm GDF-9 and activin regulation of follistatin was at the level of transcription, GCs
were transfected with rat follistatin luciferase reporter constructs then treated with activin A
or GDF-9. We compared three previously described [25] rat follistatin luciferase constructs.
In pituitary cells, it was shown that activin responsiveness required the presence of small
section of the first intron, named the activin responsive element (ARE) that includes a region
for Smad binding just upstream of a region for forkhead binding. GDF-9- and activin A-
induced activity was dependent on the presence of the ARE of intron 1 that contains the
FBE and SBE (Fig. 3A). Activin A and GDF-9 exerted similar effects in the presence of the
ARE of intron 1, regardless of whether a 0.3 or 2.9 kb promoter sequence was used,
indicating that the ARE rather than the promoter is required for activin A and GDF-9
transcriptional activation of follistatin.
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In pituitary cells, Smad3 but not Smad2 induces follistatin luciferase activity [25]. To
determine whether a similar regulation of follistatin exclusively by Smad3 exists in GCs, we
over-expressed Smads and evaluated follistatin luciferase activity. Consistent with findings
in pituitary cells, in the absence of ligand treatments, over-expression of Smad3, but not
Smad2, in GCs induced follistatin reporter luciferase activity in the presence of the first
intron containing the ARE (Fig. 3B). Activity of the Smad2 expression vector was
confirmed using the activin-responsive 3TP-lux reporter (Suppl. Fig. 1). Also, the addition
of Smad4 did not appreciably alter the activity of Smad3. Our findings that exogenous
Smad2 alone, in the absence of ligand, did not stimulate either reporter may indicate that
Smad3 plays more of a role in GCs than Smad2. Further, we evaluated endogenous Smad2
and 3 in response to activin and GDF-9 in GCs, as activin and GDF-9 are known to
stimulate the Smad2/3 pathway [32]. Fig. 4 confirmed that both activin A and GDF-9 induce
phosphorylation of Smad2 and 3; however, the activation of Smad3 was considerably more
marked. Based on previous reports that Smad3, not Smad2, interacts with FOXL2 [25],
combined with our findings in GCs of greater phosphorylation of Smad3 than Smad2 by
activin and GDF-9, and an effect of exogenous on the follistatin reporter by Smad3, but not
Smad2, we used exogenous Smad3 in subsequent experiments.

3.4. Effect of FOXL2 siRNA knockdown on follistatin mRNA and GDF-9 and activin A
induction of follistatin transcription

Having demonstrated that GDF-9 and activin A stimulate follistatin mRNA expression and
transcription in GCs, we next sought to determine whether FOXL2 was required in this
process. We utilized a FOXL2 siRNA to reduce endogenous FOXL2 levels in GCs. After
testing a number of siRNA, we selected the most efficacious siRNA that achieved a 52%
reduction (p<0.05) in FOXL2 mRNA levels in primary GCs along with a marked reduction
in FOXL2 protein levels (Fig. 5A and inset). As StAR is an established target of FOXL2,
with FOXL2 shown to inhibit StAR transcription and gene expression in other cell types
[6,58], we measured StAR mRNA expression and confirmed that the reduction in FOXL2
lead to increased StAR expression in GCs (Fig. 5A). Interestingly, when we measured
follistatin mRNA, we found that FOXL2 reduction by siRNA increased follistatin mRNA
expression in GCs (Fig. 5A). This finding was surprising to us based on the pituitary data
that showed FOXL2 supported activin-driven Smad3 stimulation of follistatin [25]. To
confirm this at a transcriptional level, we transfected GCs with scramble or FOXL2 siRNA
24 hr prior to transfection with the luciferase reporter. Analysis by two-way anova indicated
that FOXL2 siRNA significantly increased (P<0.05) follistatin reporter activity across all
treatments compared with scramble siRNA (Fig. 5B). Post-hoc tests failed to show
significance between groups, thus there was an overall small enhancement of follistatin
reporter activity in the presence of FOXL2 suppression. Based on the increase in follistatin
mRNA levels by FOXL2 knockdown, we expected to see a similar rise in the basal activity
of the follistatin promoter in the presence of FOXL2 siRNA. This disparity most likely
reflects different experimental methodologies in the two studies. There was also a significant
effect of treatment (P<0.001) on follistatin reporter activity, with activin A and GDF-9
increasing follistatin reporter activity as described in 3.3. Thus, these results in GCs contrast
earlier findings in the pituitary, with FOXL2 inhibiting follistatin transcription and
expression in the ovary.

3.5. Comparison of FOXL2C134W and FOXL2wt transcriptional regulation of follistatin
Smad3 is one of the few identified co-regulatory factors known to bind FOXL2 through the
forkhead domain, where the C134W mutation is located, and the FOXL2C134W mutant has
altered activity on a FOXL2-Smad3 dependent artificial promoter compared with FOXL2wt

[29,34]. Thus, we wanted to determine whether this mutation altered GDF-9 and activin A
regulation of follistatin in GCs. To achieve this, we over-expressed FOXL2wt or
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FOXL2C134W. While over-expression is not an ideal system, we feel, in light of findings by
other groups that showed disparate regulation of other target genes by FOXL2 when
different cell lines were compared, that it is most appropriate to determine FOXL2 function
in primary GCs that would contain all the potential co-regulatory factors that may contribute
to FOXL2 activity.

We determined by quantitative real-time PCR that FOXL2 mRNA levels were increased
around 7 fold in FOXL2 transfected cells, with equivalent levels of FOXL2wt and
FOXL2C134W overexpression (Suppl. Fig. 2A). However, when we evaluated FOXL2
protein levels in GCs by immunoblotting with a FOXL2 antibody, we did not detect a
dramatic change in total FOXL2 protein levels above the high background of endogenous
FOXL2 (Suppl. Fig. 2B). Nonetheless, we confirmed equivalent exogenous FOXL2wt and
FOXL2C134W protein expression by immunoblotting against the Flag tag that is present on
both the FOXL2wt and FOXL2C134W expression plasmids (Suppl. Fig. 2B). We feel that the
vector-derived FOXL2 is translated very poorly and so even though the mRNA levels
increased 7 fold, FOXL2 protein levels were only slightly increased, and thus not easily
detected by western blotting. We attribute this low level expression of exogenous protein to
the fact that they are primary cells (poor transfection efficiency) and cultured in serum free
conditions. Therefore, it is possible that poorly transfected GCs masked the expression of
exogenous FOXL2.

Nevertheless, we have obtained interesting effects of FOXL2 expression in primary rat GCs
(Fig. 6), suggesting that the degree of over-expression was small but sufficient to have
activity on the luciferase reporter system utilized. As described in 3.3, activin A and GDF-9
stimulate follistatin transcription in GCs (Fig. 6). In the presence of FOXL2wt

overexpression, GDF-9 activity was reduced compared with the absence of exogenous
FOXL2 expression, but GDF-9 retained stimulatory activity as did activin A compared with
untreated cells with FOXL2wt overexpression. However, when FOXL2C134W was expressed
the stimulatory activity of both activin A and GDF-9 was lost compared with the matched
untreated cells, indicating that the mutant exhibits enhanced suppressive activity compared
with FOXL2wt. Overexpression of Smad3 alone, compared with the control, increased
follistatin luciferase activity overall (Fig. 6). Under these conditions, FOXL2wt significantly
reduced GDF-9-induced follistatin luciferase activity, but the effect of GDF-9 treatment on
the activity remained, whereas activin A activity was lost. Also, in the presence of Smad3
overexpression, FOXL2C134W completely ablated the effects of both activin A and GDF-9,
indicating again that the mutant has enhanced inhibitory activity when compared with
FOXL2wt.

4. Discussion
Follistatin is highly expressed in GCs of developing follicles [35–38] and binds activin
[39,43–48] and some BMPs including BMP-7, and BMP-15 [49–51]. Thus, in so doing
follistatin inhibits the actions of these GC mitogens [59–61] making follistatin an anti-
proliferative factor. Recent findings that FOXL2 and Smad3 coordinately regulate activin
induction of follistatin expression in the pituitary drove us to question whether the same
regulation occurs in GCs of the ovary; as GCs express follistatin, Smad3 and FOXL2 and
are known to respond to several Smad3 signaling factors including activin and GDF-9. An
inverted FOXL2-binding site (anti-sense strand, 5′-ATCAATGT-3′), implicated in Smad3-
FOXL2 co-regulation of activin-induced follistatin transcription, was identified just
downstream of a SBE, within the intronic enhancer of the rat follistatin gene [25]. We
analyzed the human follistatin gene and can confirm that this sequence is completely
conserved in humans and similarly located within first intron. If the FOXL2C134W mutant
exhibits altered interaction with Smad3, as has been suggested [29,34], this could have an
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effect on GC follistatin expression and ultimately, via altered growth factor availability, on
TGF-β superfamily member signaling in the ovary. Thus, dysregulation of follistatin by the
GCT FOXL2C134W mutation could result in increased GC proliferation.

Our analysis confirmed that both GDF-9 and activin A similarly induce follistatin mRNA
expression. Follistatin acts to negate activin actions [43–48], completing a negative feedback
loop between activin and follistatin. In contrast, we found that GDF-9 induction of follistatin
was not affected by co-incubation with follistatin indicating that it does not act to regulate
GDF-9 actions. We confirmed that GDF-9 and activin A regulation of follistatin was at the
level of transcription, and that this is mediated via activation of Smad3. GDF-9 appeared to
be slightly more potent than activin A in inducing follistatin reporter activity, which may
reflect inherent differences in type I or type II receptor levels for the respective ligands or
differences in post-receptor signaling.

To our surprise, in contrast to the supporting role FOXL2 plays in the pituitary, we found
that in GCs FOXL2 negatively regulates GDF-9- and activin A-induced follistatin activity.
This is a significant and novel finding, suggesting that FOXL2 actions are cell type specific
which may reflect the absence/presence of un-identified co-regulatory factors between these
two cell types. These results conflict with those described in the mouse GC tumor cell line,
KK1 [62], which may reflect species-specific differences or indicate that the KK1 cell line
has inherent differences to primary GCs. Cell line-specific FOXL2 activity has been
demonstrated for other target genes, with FOXL2 negatively-regulating STAR in two non-
GCT cell lines, CHO [6] and COS7 [63], but not in the GCT cell line, COV434 [63].
Similarly, FOXL2 suppressed CYP19A1 promoter activity in CHO cells [64], but enhanced
PKA/PKC-stimulated CYP19A1 activity in COS7 and COV434 cells [63]. Cell type
differences in follistatin regulation have also been described previously [25]. HepG2 and
HEK293 cells that do not express FOXL2 exhibit activin responsiveness in the absence of
the intronic enhancer containing the SBE and FBE. Further, in HepG2 and HEK293 cell
lines activin responsiveness is linked to both Smad2 and Smad3. Thus, the nature of FOXL2
involvement and the requirement for the intronic SBE and FBE enhancer for activin
responsiveness is dependent on the tissue being studied. We propose that cell-specific
expression of co-regulatory proteins is a mechanism for controlling sensitivity to stimulators
of follistatin production such as activin. Thus, to gain an understanding of FOXL2 actions in
the ovary and determine how the FOXL2C134W mutant alters GC function to drive tumor
formation, we feel that where possible it is important to evaluate FOXL2 actions in primary
GCs to provide the most biologically relevant results, as findings in ovarian and non-ovarian
tumor cell lines may be distorted by altered expression of co-regulatory factors.

As a logical next step to determine whether these FOXL2 inhibitory effects required the
FBE, we generated follistatin reporters with mutations in the SBE or FBE. Unfortunately,
activin A and GDF-9 activity were lost regardless of whether the SBE, FBE or both sites
were mutated (data not shown), indicating that both sites are important for activin A- and
GDF-9-driven Smad3 signaling. Presumably as a result of this, neither FOXL2wt nor
FOXL2C134W exerted any activity when either the SBE or the FBE was mutated. This
suggested that although exogenous FOXL2 exerted an inhibitory effect on follistatin
transcription, binding of FOXL2 or another unknown forkhead factor to the FBE is required
for Smad activity in GCs. However, there could be other explanations, such as unbound
FOXL2 sequestering Smad3. Identification of potential co-regulatory factors associated with
the Smad3-FOXL2 complex in pituitary versus granulosa cells may shed some light on how
FOXL2 is stimulatory in the pituitary and inhibitory in GCs. The exact nature of this
relationship and the identity of any other involved GC-specific co-factors remain questions
for future studies.
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We have shown that FOXL2C134W completely inhibits GDF-9 and activin A transcriptional
activation of follistatin in primary rat GCs. Thus, FOXL2C134W exhibits enhanced activity
compared with FOXL2wt with respect to follistatin transcription in GCs. Our finding of
altered activity of FOXL2C134W on the Smad3 responsive follistatin promoter is consistent
with previous findings of altered activity on the artificial GRAS luciferase reporter, which
contains AP-1, FOXL2 and Smad binding sites [29,34]. The C134W mutation is located
within the DNA-binding forkhead domain. Modeling suggests that the mutation does not
disrupt the interaction of FOXL2 with DNA [18]. The enhanced activity of FOXL2C134W

may instead reflect an altered interaction with Smad3, which prevents the transcriptional
activity of Smad3, or as yet unknown other co-regulators. Exploration of the transcriptional
activity of FOXL2C134W on known ovarian FOXL2 targets have shown that other than
enhancing PKA/PKC-driven up-regulation of CYP19A1 [63], FOXL2C134W typically
exhibits similar transcriptional activity to FOXL2wt [34]. Reduced follistatin in GCs
expressing the somatic FOXL2C134W mutation could contribute to tumor formation as a
direct result of the loss of activin antagonism. However, as the change in the activity of the
FOXL2C134W mutant, with respect to FOXL2wt, on activin A and GDF-9 induction of
follistatin transcriptional activity in GCs was relatively small, it seems unlikely that this is a
significant mechanism contributing to GCT formation in women.

5. Conclusions
In summary, in this study we have shown that FOXL2 inhibits activin A and GDF-9
induction of follistatin, which is in contrast to previous reports in pituitary cells. Therefore,
we propose that FOXL2 transcriptional activity is cell-type dependent, which may reflect a
different sub-population of transcriptional co-factors. These novel findings reinforce the
importance of studying the role of signaling factors in the cell of interest, preferably in
primary cells that should most closely reflect what happens in vivo. Previous studies
identifying that a somatic FOXL2 mutation is associated with adult GCTs, supports the view
that FOXL2 is involved in the regulation of GC proliferation. In this study, we show that the
FOXL2C134W has enhanced activity compared with FOXL2wt, resulting in a more complete
inhibition of activin A and GDF-9 induction of anti-proliferative follistatin. This supports a
role for FOXL2C134W in promoting GC proliferation, although the small dysregulation of
follistatin transcription observed here is unlikely to be a main driving factor in GCT
development. Achieving a greater understanding of how FOXL2 acts in the ovary and
determining the molecular mechanisms that underlie the pathogenesis of the FOXL2C134W

mutation in GCTs should facilitate the development of novel therapeutic and diagnostic
options for GCT patients.
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Highlights

• GDF-9 and activin A stimulate follistatin transcription in primary granulosa
cells

• Follistatin does not antagonize GDF-9 activity

• FoxL2 suppresses GDF-9 and activin A-induced follistatin transcription in the
ovary

• FoxL2C134W exerts enhanced suppressive activity compared with FoxL2wt

• GDF-9 and activin A activity requires intact smad and forkhead binding cis-
elements
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Figure 1. GDF-9 and activin dose-dependently increase follistatin mRNA expression in primary
rat GCs
GCs were treated with increasing doses of GDF-9 or activin A for 15 hr before evaluation of
follistatin mRNA expression. Follistatin mRNA levels were measured by quantitative real-
time PCR and normalized to L19 mRNA levels. Results were evaluated by a one-way
ANOVA followed by Tukey’s posthoc analysis. Different letters indicate a significant
difference (p < 0.05) between groups within each treatment. Values shown are mean ± SEM.
N = 3.
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Figure 2. Pre-incubation with follistatin negates activin- but not GDF-9-induced follistatin
mRNA expression in primary rat GCs
GCs were pretreated with increasing doses of follistatin (FS) for 1 hr before treatment with
30 ng/ml GDF-9 or 10 ng/ml activin A for 15 hr followed by measurement of follistatin
mRNA expression. Follistatin mRNA levels were measured by quantitative real-time PCR
and normalized to L19 mRNA levels. Results were evaluated by a one-way ANOVA
followed by Tukey’s posthoc analysis. Different letters indicate a significant difference (p <
0.05) between groups within each treatment. Values shown are mean ± SEM. N = 3.
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Figure 3. GDF-9- and activin-driven Smad3 regulation of follistatin transcription in primary rat
GCs
Numbers shown on the schematics of the depicted reporter plasmids indicate the nucleotide
positions relative to the transcription start site (indicated by an arrow) of the rat Fst gene.
AGCs transfected with either empty vector (vector), a rat follistatin-luciferase reporter with
a minimal promoter and the activin-responsive element (ARE) of Intron 1 which contains
both a Smad and a FOXL2 binding site (rFS0.3Ex45), or a follistatin-luciferase reporter with
a 2.9 kb promoter with (rFS2.9i-luc) or without (rFS2.9-luc) a complete Intron 1. Following
transfection, cells were treated with vehicle (untreated), 100 ng/ml activin A or 300 ng/ml
GDF-9 for 24 hr before evaluation of luciferase activity. GDF-9 and activin A stimulate
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follistatin luciferase activity only in the presence of the ARE of intron 1. BPrimary rat GCs
were transfected with Smad2, 3 and/or 4 and either the rat follistatin reporter with (rFS2.9i-
luc) or without (rFS2.9-luc) Intron 1 containing the Smad binding element within the ARE.
In untreated GCs, overexpression of Smad3, but not Smad2, stimulates follistatin luciferase
activity in the presence of the ARE of intron 1. Data are represented as the ratio of the
normalized luciferase activity to the untreated empty vector (in A) or untreated rFS2.9-luc
(in B). Differences in activity were evaluated by a one-way ANOVA followed by Tukey’s
posthoc analysis. Different letters indicate a significant difference (p < 0.05) between groups
within each luciferase reporter. Values shown are mean ± SEM. N = 3.
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Figure 4. Smad phosphorylation by activin and GDF-9 in primary rat GCs
Treatment of GCs with 100 ng/ml activin A (A) or 300 ng/ml GDF-9 (G) increases
phosphorylated Smad2 (P-Smad2) and Smad3 (P-Smad3) within 15 min with maximal
activation at 60 min, compared with untreated (U) cells. For total Smad2/3, the antibody
detected both total Smad2 (upper band, 60 kDa) and Smad3 (lower band, 52 kDa).
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Figure 5. Effect of FOXL2 siRNA on follistatin mRNA expression and transcription in primary
rat GCs
A, GCs were transfected with 30 nM negative control scramble siRNA or FOXL2 siRNA
and cultured for a further 63 hr prior to evaluation of FOXl2, StAR and Follistatin (FS)
mRNA expression. FOXl2, StAR and FS mRNA levels were measured by quantitative real-
time PCR and normalized to L19 mRNA levels. Differences in activity were evaluated by a
one-way ANOVA. An asterisk indicates a significant difference (p < 0.05) between the
indicated scramble siRNA and FOXL2 siRNA groups. Inset shows FOXL2 and control β-
actin protein expression in primary rat GCs transfected with scramble siRNA (1) or FOXL2
siRNA (2). B, GCs were transfected with 30 nM control scramble (Scr) or FOXL2 siRNA
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for 24 hr before transfection with a rat follistatin-luciferase reporter (rFS2.9i-luc) and a
Smad3 expression plasmid where indicated, then treated with vehicle (untreated), 100 ng/ml
activin A or 300 ng/ml GDF-9 for 48 hr before evaluating luciferase activity. Data are
represented as the ratio of the normalized luciferase activity to the untreated no-expression
plasmid group. Differences in activity were evaluated by a two-way ANOVA followed by
Tukey’s posthoc analysis.

McTavish et al. Page 21

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Effect of FOXL2wt and FOXL2C134W on Smad3 and activin or GDF-9-induced
follistatin transcription in primary rat GCs
GCs were transfected with a rat follistatin-luciferase reporter (rFS2.9i-luc) and the indicated
FOXL2, FOXL2C134W mutant or Smad3 expression plasmids, then cultured overnight with
fresh media before treatment the next day with vehicle (untreated), 100 ng/ml activin A or
300 ng/ml GDF-9 for 8 hr. Data are represented as the ratio of the normalized luciferase
activity to the untreated no-expression plasmid group. Differences in activity were evaluated
by a two-way ANOVA followed by Tukey’s posthoc analysis. * indicates a significant (p <
0.05) effect of treatment compared with untreated within each transfection condition. §
indicates a significant (p < 0.05) difference between activin A and GDF-9 treatment within
each transfection condition. Different letters indicate a significant difference (p < 0.05)
between transfection conditions within each treatment. Each experiment contained triplicate
wells and values shown are mean ± SEM of 5 replicate experiments.
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