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RESEARCH ARTICLE

FOXL2<"**"_Induced CYP19 Expression via Cooperation
With SMAD3 in HGrC1 Cells

Martina Belli," Nahoko Iwata," Tomoko Nakamura,? Akira Iwase,? Dwayne Stupack,’
and Shunichi Shimasaki'

"Department of Reproductive Medicine, School of Medicine, University of California, San Diego,
La Jolla, California 92093; and 2Center for Maternal-Perinatal Care, Nagoya University Hospital, Nagoya
466-8560, Japan

Germline knockout studies in female mice demonstrated an essential role for forkhead box L2
(FOXL2) in early follicle development, whereas an inducible granulosa cell (GC)-specific deletion of
FoxI2 in adults has shown ovary-to-testis somatic sex reprogramming. In women, over 120 different
germline mutations in the FOXL2 gene have been shown to cause blepharophimosis/ptosis/epicantus
inversus syndrome associated with or without primary ovarian insufficiency. By contrast, a single
somatic mutation (FOXL2°"3*") accounts for almost all adult-type GC tumors (aGCTs). To test the
hypothesis that FOXL2¢'3*W differentially regulates the expression of aGCT markers, we investigated
the effect of FOXL2"**W on inhibin B and P450 aromatase expression using a recently established
human GC line (HGrC1), which we now show to bear two normal alleles of FOXL2. Neither FOXL2"*
nor FOXL2<"**W regulate INHBB messenger RNA (MRNA) expression. However, FOXL2%"3*W selectively
displays a 50-fold induction of CYP19 mRNA expression dependent upon activin A. Mechanistically,
the CYP19 promoter is activated in a similar way by FOXL2"**W interaction with SMAD3, but not by
FOXL2"'. SMAD2 had no effect. Moreover, FOXL2<"**" interactions with SMAD3 and with the FOX
binding element located at —199 bp upstream of the ATG initiation codon of CYP19 are more sus-
tainable than FOXL2"*. Thus, FOXL2“"**W potentiates CYP19 expression in HGrC1 cells via enhanced
recruitment of SMAD3 to a proximal FOX binding element. These findings may explain the patho-

physiology of estrogen excess in patients with aGCT. (Endocrinology 159: 1690-1703, 2018)

he forkhead box 12 (FOXL2) is an evolutionarily
Tconserved member of the forkhead transcription
factor family (1). Histological studies in humans, mice,
and goats have detected FOXL2 messenger RNA
(mRNA) and protein in the mesenchyme of developing
eyelids, fetal and adult granulosa cells (GCs) of the ovary,
embryonic as well as adult pituitary gonadotrope and
thyrotroph cells of the pituitary, and endometrium of the
uterus (1-8). Two FoxI2 germline null mouse models
generated in different laboratories demonstrated high
perinatal mortality (50% to 95%), most likely associated
with coincident craniofacial defects (7, 9). However, the
surviving mice confirmed a critical role of FOXL2 in
ovarian function, with a block in follicle development at
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the primary stage associated with a failure of GCs to
complete the squamous-to-cuboidal transition. In con-
trast, the inducible somatic deletion of FoxI2 in GCs of
adult mouse ovarian follicles led to the ovary-to-testis
somatic sex reprogramming associated with the trans-
differentiation of mature granulosa/theca cells into Sertoli/
Leydig-like cells as well as the upregulation of genes in-
volved in testis determination vs the downregulation of
ovary-specific genes, such as P450 aromatase (CYP19) (10).
Thus, FOXI.2 appeared to be essential for the maintenance
of the female gonadal sex throughout mouse life.

In humans, mutations in the FOXL2 gene are in-
volved in diverse ovarian dysfunctions. More than 120
germline mutations of FOXL2 have been related to

Abbreviations: aGCT, adult-type granulosa cell tumor; BPES, blepharophimosis/ptosis/
epicantus inversus syndrome; CHO, Chinese hamster ovary; Co-IP, coimmunoprecipita-
tion; DMEM, Dulbecco’s modified Eagle medium; E,, estradiol; FBE, FOX binding element;
FOXL2, forkhead box L2; GC, granulosa cell; GCT, granulosa cell tumor; mRNA,
messenger RNA; PCR, polymerase chain reaction; qRT-PCR, quantitative reverse tran-
scription polymerase chain reaction; RRID, Research Resource Identifier; SBE, SMAD
binding element; SEM, standard error of the mean; SF1, steroid factor 1.
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blepharophimosis/ptosis/epicantus inversus syndrome
(BPES) associated with or without primary ovarian
insufficiency (BPES type I and type II, respectively) (2,
11). BPES type I typically results from FOXL2 trun-
cations predicted to result in loss of function, whereas
type II BPES mutations are generally hypomorphic and
do not result in ovarian dysfunction (12, 13). In striking
contrast, a single somatic mutation, FOXL213*V,
which was not found in BPES, was detected in almost all
adult-type GC tumors (aGCTs) (14), as collected from
more than 400 patients of various ethnicities (15). Although
accumulating evidence suggested that FOXL2¢!34W
is a strong driver candidate in the pathogenesis of
aGCTs (11, 16-21), the molecular basis of FOXL2134W
action in regulating GC tumorigenesis is largely
unknown.

FOXL2 regulates the transcription of various genes
involved in diverse cellular processes such as steroido-
genesis (e.g., STAR and CYP19), steroid metabolism
(PPARGC1A and NR5SA2), metabolism of reactive ox-
ygen species (MnSOD or SOD2), stress response (SIRT1),
cell cycle (CCND2, CCNA2, and P16/INK4a), and DNA
repair (GADD45A and ALKBHS) (6, 22-27). In partic-
ular, FOXL2 regulation of CYP19 has been known
across a variety of vertebrate species, including human,
rodent, goat, fish, chicken, and frog (27). The specificity
of action of FOXL2 on such a wide spectrum of cellular
functions is likely governed by its interaction with
cofactors. Steroid factor 1 (SF1) is a key factor in ste-
roidogenesis, as it regulates CYP11, CYP17, CYP19,
and STAR (28). FOXL2 prevents SF1 binding to the
CYP17 promoter, leading to the suppression of SF1-
induced CYP17 expression (29). In contrast, FOXL2
associates with SF1 and together enhance CYP19 pro-
moter activity.

Interestingly, it was postulated that this dual regula-
tion could play a role in the balance of androgen and
estrogen biosynthesis (27, 29). The DEAD-box protein
DP103 is a regulator of SF1 (30), which interacts with
FOXL2 to induce apoptosis in Chinese hamster ovary
(CHO) cells and rat primary GCs (31, 32). Whether an
abnormal FOXL2-DP103 interaction may explain
FOXL2"**¥_mediated reduction in apoptotic potential
is unknown (33, 34). FOXL2 also interacts with estrogen
receptor « (35) and inhibits the activation of the PTGS2
promoter by estrogen receptor a (10, 35). Another
partner of FOXL2 is SMAD3, which interacts with it to
regulate GuRHR promoter in the pituitary (36). Also
within the pituitary, FOXL2 interacts with SMAD3 to
stimulate FSHB and FST promoter activities (37-39),
and a similar interaction in regulating FST transcription
was later confirmed in GCs (40, 41). An emerging and
important molecular basis underlying the pathogenesis of
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GC tumors (GCTs) is an alteration in the SMAD3/
FOXL2 interaction (42).

Many studies that investigate the role of FOXL2134W
in GCs use immortalized human GC lines, either KGN
(16, 24, 43-55) or COV434 cells (16, 40, 46, 48, 49, 52,
53, 56). The KGN cell line is derived from a post-
menopausal woman with an aGCT (57), whereas the
COV434 cell line is from a 27-year-old woman (58)
considered to have a juvenile GCT. In the current study,
we used the HGrC1 cell line recently established by
lentiviral-mediated transfer of immortalizing genes into
human primary GCs derived from a normal right ovary
of a 35-year-old woman (59). HGrC1 cells are non-
luteinized GCs that maintain expression of functional
receptors for gonadotropins and TGF-8 superfamily
members (activing BMP4, BMP6, BMP7, GDF9, and AMH)
as well as steroidogenic factors (StAR, CYP11, and
CYP19).

A long-term goal of our study is to determine whether
and how the FOXL2°"**Y mutation is involved in the
etiology and/or progression of aGCTs. Toward this goal,
we have evaluated potential cooperation among SMAD3
and FOXL2 in regulating expression of aGCT markers
(21), following the hypothesis that FOXL2<"**W func-
tions differently than FOXL2™". Specifically, we have
focused on inhibin B and CYP19 as FOXI2 targets and
investigated whether and how FOXL2"* and FOXL.2¢13*¥
differentially regulate expression of these genes in associa-
tion with SMAD3.

Materials and Methods

Plasmids and reagents

Activin A was produced in our laboratory as previously
described (60). Antibodies against SMAD2/SMAD3 [catalog
no. 3102; Research Resource Identifier (RRID): AB_10698742]
and B-actin (catalog no. 4967; RRID: AB_330288) were pur-
chased from Cell Signaling Technology (Danvers, MA). The
antibody against FOXL2 (catalog no. IMG-3228; RRID:
AB_613022) was purchased from Imgenex (San Diego, CA), the
antibody against FLAG tag (catalog no. F1804; RRID:
AB_262044) from Sigma-Aldrich (St. Louis, MO), and the
antibody against c-Myc tag (catalog no. 551101; RRID: AB_394046)
from BD Pharmingen (Franklin Lakes, NJ). Establishment of
the HGrC1 cell line was reported (59). An expression plasmid
encoding N-terminally Flag-tagged human FOXL2"* (FOXL2"")
was kindly provided by Dr. Louise Bilezikjian (37), and its
mutant (FOXL213*Y) was constructed in our laboratory as
previously described (40, 41). Expression plasmids encoding
human SMAD2 and SMAD3 with or without N-terminal Myc
tags were prepared from those kindly provided by Drs. Kohei
Miyazono (61, 62) and Louise Bilezikjian (37). Luciferase
reporter plasmids with different lengths of human CYP19
promoter were constructed in our laboratory using polymerase
chain reaction (PCR)-based methods. Biotinylated oligonucleo-
tide probes were purchased from Integrated DNA Technologies
(San Diego, CA).
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HGrC1 cells culture

HGrC1 cells were cultured at 37°C in Dulbecco’s modified
Eagle medium (DMEM)-F12 medium (catalog no. 12400-024;
Thermo Fisher Scientific, Waltham, MA) supplemented with
10% fetal bovine serum (catalog no. F6178; Sigma-Aldrich) and
antibiotics (penicillin and streptomycin). All the experiments in
this study were performed using HGrC1 cells at passage 14. For
some experiments, HGrC1 cells were treated with 100 ng/mL
activin A for 24 hours in serum-free DMEM-F12 medium.

FOXL2 gene sequencing

Genomic DNA from 5 X 10° HGrC1 cells was extracted
using the GenElute Mammalian Genomic DNA Miniprep Kit
(catalog no. G1N70; Sigma-Aldrich). Because human FOXL2
gene is extremely rich in GC (>84% in part), we amplified
several short DNA segments overlapping in the entire coding
sequence of the gene by PCR using two different DNA poly-
merases, Phusion Hot Start Flex DNA Polymerase (catalog no.
MO0535S; New England BioLabs, Ipswich, MA) and Platinum
SuperFi DNA Polymerase (catalog no. 12351010; Thermo
Fisher Scientific), following the manufacturer’s protocols. The
following PCR primers were used: (1) forward primer 5'-
CGTGCGCCCCAACTCTTTGCC-3' and reverse primer 5'-
GGATCGCCATGGCGATGAGCG-3'; (2) forward primer
§5’-GCGCCGGCTTTGTCATGATG-3' and reverse primer 5'-
GCCGGAAGGGCCTCTTCATG-3'; (3) forward primer 5'-
GAAGACATGTTCGAGAAGGG-3' and reverse primer
5’-GTGTGTACGGCCCGTACGAG-3’; (4) forward primer
5-GGCTTCCTCAACAACTCGTG-3' and reverse primer 5'-
TTGTACGAGTTCACTACGCC-3’; (5) forward primer
§’-CTATGCCTCCTGCCAGATGG-3' and reverse primer 5'-
TTGTACGAGTTCACTACGCC-3; (6) forward primer 5'-
GCCTGCAGTTCGCTTGTGCC-3’ and reverse primer
5'-CGTCCCTGCATCCTCGCATC-3’; (7) forward primer 5'-
GATGCATTGCTCTTACTGGG-3' and reverse primer 5'-
TGCAAGGTCACAGAGGTCAG-3'; (8) forward primer
§’-ATCCGCACGCACACCATCTG-3’ and reverse primer 5'-
CCCAGTAAGAGCAATGCATC-3'; and (9) forward primer
5" TACACACGCGTGCAGAGCATG-3’ and reverse primer
§5’-CTGGGCTGGCAGGGCTGAGCTG-3'. PCR products
were extracted from gel, purified, and sequenced (Genewiz,
San Diego, CA).

Transient transfections

HGrC1 cells were plated into either 12-well tissue culture
plates at a density of 0.5 X 10° cells per well or 6-well tissue
culture plates at a density of 1 X 10° cells/well. The next day, the
medium was replaced with serum-free DMEM-F12 (supple-
mented with antibiotics), and transfection was performed with
the previously described plasmids for 4 hours using Lipofect-
amine LTX with Plus Reagent (catalog no. 15338100; Thermo
Fisher Scientific) following manufacturer’s procedures. After 4
hours, medium was replaced with new serum-free DMEM-F12
and transfected cells were cultured at 37°C for 24 hours with or
without activin A. Cells were then lysed for further analyses.

RNA extractions and quantitative reverse

transcription PCR
After 4-hour transfection and an additional 24-hour cul-

ture, HGrC1 cells were lysed in TRIzol reagent (catalog no.
15596026; Thermo Fisher Scientific), and RNA was extracted
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using the Direct-zol RNA MiniPrep Kit (catalog no. R2052;
Zymo Research, Irvine, CA) following manufacturer’s protocol.
RNA (1 pg) was reverse transcribed using the High-Capacity
c¢DNA Reverse Transcription Kit (catalog no. 4368814; Thermo
Fisher Scientific), and complementary DNA was used to quantify
mRNA expression by quantitative reverse transcription PCR
(qQRT-PCR) using SYBR Green PCR Master Mix (catalog no.
4309155; Thermo Fisher Scientific) and the 7300 Real-Time PCR
System Thermal Cycler (Applied Biosystems, Foster City, CA).
The following primer sequences were used: CYP19, forward
primer 5'-GGAATTATGAGGGCACATCC-3' and reverse primer
5'-GTTGTAGTAGTTGCAGGCAC-3'; INHBB, forward primer
5’-CGCGTTTCCGAAATCATCAG-3 and reverse primer 5'-
GTTTCAGGTAAAGCCACAGG-3';and L19, forward primer 5'-
GGGATTTGCATTCAGAGATCAG-3' and reverse primer
5'-GGAAGGGCATCTCGTAAG-3'. Target gene expressions
were normalized on L19 expression.

Western blot analysis

After 4-hour transfection and 24-hour culture at 37°C,
HGrCl1 cells were lysed in lysis buffer (radioimmunoprecipitation
assay buffer; catalog no. 89901; Thermo Fisher Scientific),
phosphatase inhibitor cocktail (catalog no. 78420; Thermo
Fisher Scientific), and protease inhibitor cocktail (catalog no.
P8340; Sigma-Aldrich), and total protein content was quanti-
fied with the Pierce BCA Protein Assay Kit (catalog no. 23227;
Thermo Fisher Scientific). NuPAGE LDS Sample Buffer (4X) (cat-
alog no. NP0007; Thermo Fisher Scientific) and B-mercaptoethanol
(catalog no. 6010; Calbiochem, Billerica, MA) were added to
cell lysates, and samples were heated to 95°C for § minutes for
protein denaturation. Cell lysates were separated on 12%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gels and then transferred to nitrocellulose membranes. The
membranes were incubated for 1 hour with blocking solution
(bovine serum albumin; catalog no. A30075-100; Research
Products International, Mount Prospect, IL) and then with
primary antibodies overnight at 4°C. Membranes were washed
three times, incubated with horseradish peroxidase—conjugated
secondary antibodies for 1 hour, washed three further times, and
incubated with Super Signal West Femto Maximum Sensitivity
Substrate for chemiluminescence detection (catalog no. 34095;
Thermo Fisher Scientific). Alternatively, incubation of membranes
in primary and secondary antibodies was performed in Signal
Enhancer HIKARI solutions 1 and 2, respectively (nos. NU00101
and NU00102; Nacalai USA, San Diego, CA) to enhance protein
detection. B-actin was used as a loading control.

Immunoassay

The E, Immunoassay Kit (catalog no. 582251; Caymen
Chemical, Ann Arbor, MI) was used to measure estradiol (E,)
levels in culture media from HGrC1 cells transfected with either
FOXL2"™ or FOXL2¢"3*¥ in the presence of androstenedione
(100 nM), with or without activin A (100 ng/mL). After 4-hour
transfection and 48-hour culture at 37°C, culture media from
different treatments were collected in glass tubes and spun down
to remove cell debris. E; was measured using a Bio Tek microplate
reader (Bio Tek, Winooski, VT) following manufacturer’s
instructions.

Luciferase reporter assay
After 4-hour transfection and 24-hour culture at 37°C,
HGrC1 cells (0.5 X 10° cells/sample) were lysed in lysis solution
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(100 mM potassium phosphate, pH 7.8, 0.2% Triton X-100), and
luciferase reporter assay was performed using Dual-Light Lucif-
erase & B-Galactosidase Reporter Gene Assay System (catalog no.
T1003; Thermo Fisher Scientific) following manufacturer’s in-
structions. Relative firefly luciferase activity was measured with the
FLUOstar Omega Microplate Reader (BMG Labtech, Ortenberg,
Germany) and normalized by B-galactosidase activity.

Coimmunoprecipitation and oligonucleotide
precipitation assays

After 4-hour transfection and 24-hour culture at 37°C,
HGrC1 cells [2.5 X 10° cells/sample for coimmunoprecipitation
(Co-IP) assay; 5 X 10° cells/sample for oligonucleotide pre-
cipitation assay] were lysed in lysis solution [25 mM tris
(hydroxymethyl)aminomethane-HCl, pH 7.4, 140 mM NacCl,
1 mM EDTA, 0.1% NP-40, 0.5% Triton X-100, 10% glycerol,
2 mM NaF, and freshly added 1 mM Na4P,0> and protease
inhibitor cocktail (catalog no. P8340; Sigma-Aldrich)]. Cell
extracts were sonicated two times for 3 to 4 seconds each and
centrifuged at 4°C for 10 minutes at 13,000 rpm, and super-
natants were collected. For Co-IP assay, supernatants were
precleared with mouse immunoglobulin G agarose (catalog no.
A0919) for 1 hour, and then immunoprecipitations were per-
formed with anti-FLAG M2 affinity gel (catalog no. A2220;
Sigma-Aldrich) overnight at 4°C. The precipitants were washed
three times in lysis buffer and eluted with FLAG peptide (catalog
no. F3290; Sigma-Aldrich). Western blot analysis was per-
formed to detect coprecipitating SMAD3 and FOXL2 proteins
with anti-Myc and anti-Flag antibodies, respectively. For the
oligonucleotide precipitation assay, 2 pg of biotinylated oli-
gonucleotides were precoupled to streptavidin agarose (catalog
no. 20353; Thermo Fisher Scientific) at 4°C for 1 hour and
subsequently incubated with cell lysates together with 8 pg of
poly(deoxyinosinic-deoxycytidylic) (catalog no. P4929; Sigma-
Aldrich) at 4°C for 2 hours. Cell lysates were washed three times
in lysis buffer and eluted with NuPage LDS Sample Buffer
(catalog no. NP0007; Thermo Fisher Scientific). Immunoblot
analysis was performed to detect FOXL2 proteins via the anti-
Flag antibody. Resolved band intensity was quantified using
Image Laboratory Software from Bio-Rad (Hercules, CA).

Statistic analysis

Data analysis was performed with JMP Pro 12 software
(Cary, NC) using Box-Cox transformation and one-way analysis
of variance with least-squares means Tukey honest significant
difference test or least-squares means Student ¢ test. Significance
was set at P < 0.05, and data are shown as mean + standard error
of the mean (SEM).

Results

The coding sequence of the FOXL2 gene in HGrC1
cells is normal

Prior to implementation of the HGrC1 cell line in this
study, chromosome DNA extracted from HGrC1 cells
was subjected to PCR to determine the DNA sequence of
the FOXL2 gene. Although human FOXL2 gene is ex-
tremely rich in GC (>84% in some regions), we were able
to determine the entire coding regions of the FOXL2

https://academic.oup.com/endo 1693

genes at both alleles, confirming they were intact and
lacked mutation (data not shown).

FOXL2"**W, but not FOXL2"", is a remarkable
inducer of CYP19 mRNA expression in HGrC1
cells when treated with activin A

HGrC1 cells were transfected with either FOXL2"* or
FOXL2"3*¥ plasmid, or their empty vector as a control.
Cell lysates were collected and total protein content was
measured to use equal amounts of proteins for sodium
dodecyl sulfate—polyacrylamide gel electrophoresis anal-
ysis. The inset in Fig. 1(a) shows the relative expression
levels of endogenous FOXL2, exogenous FOXL2"" and
FOXL2“"**¥ (top panel), and B-actin (bottom panel).
Both FOXL2"" and FOXL2“"**¥ proteins were expressed
atcomparable levels with elevated levels (>12-fold) relative
to endogenous FOXL2 (which is almost invisible in this
blot, but clearly detectable at longer exposures; data not
shown). Cells were transfected and treated with or without
activin A (100 ng/mL) for 24 hours to evaluate CYP19 and
INHBB mRNA expression. Total RNA was then collected,
and expression was analyzed by qRT-PCR [Fig. 1(a)
and 1(b)]. Neither activin A nor FOXL2"", alone or
together, influenced CYP19 mRNA expression com-
pared with controls. However, in the absence of activin
A, FOXL23**Y demonstrated a very small but sig-
nificant induction of CYP19 mRNA expression relative
to control (approximately twofold; P < 0.05). Strik-
ingly, in the presence of activin A, a remarkable in-
duction (50-fold) was observed (P < 0.05). In contrast,
FOXL2%, FOXL2“3*¥  and activin A did not sig-
nificantly regulate INHBB mRNA expression. To test
whether CYP19 mRNA overexpression could lead to an
increased aromatase activity, E, levels were measured in
culture media from HGrC1 cells transfected with either
FOXL2"" or FOXL2"3*¥ and treated with androste-
nedione (100 nM), with or without activin A (100 ng/mL),
for 48 hours. In agreement with the CYP19 mRNA
data, a significant increase in E, (20-fold relative to
control) was observed when HGrC1 cells were treated
with androstenedione and activin A in the presence of
FOXL2¢13*¥ (P < 0.05), but not FOXL2"* [Fig. 1(c)].
These results support the contention that FOXL2¢134¥
acts as a strong stimulator of CYP19 mRNA expres-
sion, and aromatase activity, in HGrC1 cells treated
with activin A.

SMADS3 is involved in FOXL2"**W induction of
CYP19 mRNA expression, but not of INHBB, in
HGrC1 cells

To investigate whether the FOXL induction
of CYP19 cooperated with SMAD3, a downstream trans-
ducer of activin A signaling, HGrC1 cells were transfected

2C134W
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Figure 1. Effects of FOXL2"* and FOXL2“"**" on the CYP19 and
INHBB mRNA expression and E, production in the presence or
absence of activin A in HGrC1 cells. HGrC1 cells were transfected
with or without 500 ng of Flag-FOXL2"* or Flag-FOXL2¢134W
plasmids or their empty vector. After 4 hours, serum-free medium
was replaced, and cells were cultured in the presence or absence of
100 ng/mL activin A for 24 hours followed by the collection of cell
lysates and total RNA. (Inset) Cell lysates were subjected to western
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singly or using combinations of SMAD3, FOXL2"™",
and FOXL2°3*Y plasmids and their empty vectors.
The inset in Fig. 2(a) shows the endogenous and ec-
topically expressed (on average, 2.3-fold) levels of SMAD3
protein. We noted that the overexpressed SMAD3 levels
are comparable to endogenous SMAD?2 levels, emphasiz-
ing the high level of endogenous expression of SMAD2
in HGrC1 cells [insets in Fig. 2(a) and Fig. 3]. FOXL2"*
did not influence CYP19 mRNA expression [Fig. 2(a)].
As previously observed, FOXL2“"3*W¥ (without SMAD3)
slightly but significantly induced CYP19 mRNA expres-
sion. However, when SMAD3 was ectopically expressed,
FOXL213*¥ coexpressing cells increased CYP19 mRNA
expression by eightfold compared with the control (P <
0.05), whereas coexpression with FOXL2™" had no
effect on CYP19 levels. In Fig. 2(b), INHBB mRNA levels
were measured, but neither FOXL2", FOXL2**W¥ nor
SMAD3 regulated INHBB mRNA. These results in-
dicate that SMAD3 mediates the stimulatory effect of
FOXL2¢"3*¥ on CYP19 expression in HGrC1 cells.

SMAD2 does not enhance FOXL2“**W-mediated
induction of CYP19 mRNA expression in HGrC1 cells

Because SMAD?2 is also a signal transducer of activin
A, we tested whether SMAD2 expression influences
FOXL2¢3*¥.mediated induction of CYP19 mRNA
expression. HGrCl1 cells were transfected singly or using
combinations of SMAD2, FOXL2"", and FOXL2¢134¥
plasmids and their empty vectors. The inset in Fig. 3
shows the endogenous and overexpressed (on average,
1.7-fold) levels of SMAD2 protein. Endogenous SMAD2
is higher than SMAD3 in HGrC1 cells [insets in Fig. 2(a)
and Fig. 3]. Nonetheless, no difference in CYP19 mRNA
levels between FOXL2Y" or FOXL2¢3*Y treatments
(Fig. 3, lanes 2 and 3) was observed. Further, elevating
the expression of SMAD2 did not alter these results
(Fig. 3, lanes 5 and 6). These data identify SMAD3 as
selectively exerting a synergistic effect with FOXL213*¥
on the stimulation of CYP19 mRNA expression in
HGrC1 cells.

Figure 1. (Continued). blot analysis to show the expression levels
of Flag-FOXL2"! or Flag-FOXL2¢'3*W proteins. Antibodies against
FOXL2 and B-actin (for loading control) were used. Representative
results from duplicate experiments are shown. Total RNA was used
to measure (a) CYP19 or (b) INHBB mRNA levels by qRT-PCR. For E,
level measurement, transfected cells were cultured in the presence
of 100 nM androstenedione, with or without 100 ng/mL activin A
for 48 hours followed by the collection of culture media. (c) E,
levels are shown (pg/mL). Representative results (n = 3) from
triplicate experiments are presented. Data are shown as mean *
SEM. Different letters denote significant difference among
experimental conditions (P < 0.05). wt, wild-type.
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Figure 2. Effects of FOXL2"* and FOXL2¢"*W on the CYP19 and
INHBB mRNA expression with or without SMAD3 overexpression in
HGrC1 cells. HGrC1 cells were transfected with or without 500 ng
of SMAD3, Flag-FOXL2"t, and Flag-FOXL2¢'34W plasmids, alone or
in combination. Empty expression vectors for SMAD3 and for Flag-
FOXL2 were added as necessary to equalize the amount of plasmid
transfected per well. After 4 hours, serum-free medium was
replaced and cells were cultured for 24 hours. (Inset) Western blot
analysis was performed to show the expression levels of SMAD3
protein. Antibodies against SMAD2/SMAD3 and B-actin (for
loading control) were used. Representative results from duplicate
experiments are shown. gRT-PCR was performed to measure (a)
CYP19 and (b) INHBB mRNA levels. Representative results (n = 3)
from triplicate experiments are presented. Data are shown as
mean * SEM. Different letters denote significant difference among
experimental conditions (P < 0.05). wt, wild-type.

FOXL2“"3*W, together with SMADS3, significantly
induces CYP19 promoter activity

Prior to testing the ability of FOXL2"* or FOXL2¢!34W
to regulate CYP19 transcription, the human CYP19
promoter region was analyzed for potential binding
elements for FOX or SMAD family members. The po-
tential FOX binding element (FBE) or SMAD binding
element (SBE) identified with the Universal PBM Re-
source for Oligonucleotide Binding Evaluation (UniPROBE)

https://academic.oup.com/endo 1695
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Figure 3. Effects of FOXL2"! and FOXL2<"**" on the CYP19 mRNA
expression with or without SMAD2 overexpression. HGrC1 cells
were transfected with or without 500 ng of Myc-SMAD?2, Flag-
FOXL2"', and Flag-FOXL2<"**" plasmids, alone or in combination.
Empty expression vectors for Myc-SMAD2 and for Flag-FOXL2 were
added as necessary to equalize the amount of plasmid transfected
per well. After 4 hours, serum-free medium was replaced and cells
were cultured for 24 hours. (Inset) Western blot analysis was
performed to show the expression levels of SMAD2 protein.
Antibodies against SMAD2/SMAD3 and B-actin (for loading control)
were used. Representative results from duplicate experiments are
shown. gRT-PCR was performed to measure CYP19 mRNA levels.
Representative results (n = 3) from triplicate experiments are
presented. Data are shown as mean *= SEM. Equal letters denote

a nonsignificant difference among experimental conditions (P <
0.05). wt, wild-type.

database (63) within 1 kb upstream of CYP19 promoter
from the translation start site is shown in Fig. 4. A sequence
of 823 bp, which includes five FBEs (FBE1 to FBES) and one
SBE, was chosen for the construction of a luciferase reporter
(-823/CYP19-Luc; inset in Fig. 5). The relative luciferase
activity of -823/CYP19-Luc in HGrC1 cells following
transfection with SMAD3, FOXL2", and FOXL2¢134¥
plasmids (or matched empty vectors) is shown in Fig. 5.
When expressed singly, neither FOXL2" nor FOXL.2¢134¥
significantly activates -823/CYP19-Luc compared with
the control. However, the simultaneous expression of
FOXL2"3*¥ and SMAD3 significantly activated CYP19
promoter activity. These data suggest that the induction
of CYP19 mRNA expression by FOXL2 “**¥ and SMAD3
observed in HGrC1 cells occurs at the transcriptional
level.

FBES is required to stimulate CYP19 transcription by
FOXL2"**" and SMAD3

To analyze which sites were necessary for the enhanced
transcriptional activity observed, we next constructed a
series of truncated luciferase reporters from the -823/
CYP19-Luc and evaluated their activities in HGrC1
cells expressing SMAD3, FOXL2", and FOXL2¢134¥
alone or in combination (Fig. 6). The ratio of relative
luciferase activity between FOXL2°13*¥ and FOXL2"*
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ACCTGGCTGAAAAGACAGATTCAATGGCATGTTGAAAAACACAGCAGAACCAGCACATCAGACTGTAAATTGATTGTCTTGCACAGGATGTTAGC
TGCTCTTCGAATGAGGTTCCTGAGTGGCACCTGAGCCTATTGCTGGTGGCATCCTATTCTGCcTGTTCcTeTeT BB 1 crreccearrect
TTCATTCTCTTCTCCCTTATTCTTCCTCTGCAATTCTTTTTTTCCACACTACCGTTGGCCGGTCCCTAGGGATACTGTTTAATC TGGCCCATGGT
ACAAGAGATTTTAGATCTTCATTGAAGTCACTAGAGATGGCCTGAGTGAGTCACTTTGAATTCAATAGACAAACTGATGGAAGGCTCTGAGAAGA
ccr FBE2 ccaacanatererrertacteracaracttact FBE 3 aArraraGTCATTTTGETCARAAAGGGGAGTTGEGAGATTGE
CMTTTTGTTTTGARAT TGATTTGGCTTCAAGGGAAGAAGATTGACTARACAAAAL CTGCTGATGAAGTCACAAAATGACTCCACCTCTGGAATGA
GATTTATTITE TTATAATTTGGCAAGAAATTTGGC TTTCAAT TGGGAATGCACGTCACTCTACCCACTCAAGGGCAAGATGA FBED arca
aaFBE4 tanaceanccrea SBE carceTCAGARATGCTGCAATTCAAGCCARAAGATCTTTCTTGGGCTTCTIGTTTTGALTTG
TAACCATAAATTAGTCTTGCCTHAATGTCTGATEACATTATAAAACAGTAAGTGAATCTGTACTGTACAGCACCCTCTGAAGCAACAGGAGCTAT
AGATGAACCTTTTAGGGGATTCTGTAATTTTTCTGTCCCTTTGATTTCCACAGGACTCTAAATTGCCCCCTCTGAGGTCAAGGAACACAAGATCG,
ITTTGGAAATGCTGAACCCGATACATTATAACATCACCAGCATCGTGCCTGAAGCCATGCCTGCTGCCACCATGCCAGTCCTGCTCCTCACTGGE

Figure 4. Potential binding sites of FOX (FBE) and SMAD (SBE) in the promoter region of human CYP19. Human CYP19 promoter region was
analyzed by the Universal PBM Resource for Oligonucleotide Binding Evaluation (UniPROBE) database that hosts data generated by universal
protein-binding microarray technology on the in vitro DNA binding specificities of proteins. The coding sequence is underlined.

is shown in the right panel of Fig. 6(a). Differential
regulation of luciferase activity by FOXL2™* and
FOXL2“"3*¥ was not observed in the absence of SMAD3
(white bars). By contrast, in the presence of SMAD3 (gray
bars), all constructs except the most proximal (-56/CYP19-
Luc) demonstrated significant differences between
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(b)
Z 41 c
% CYP19-Luc I
< 3 -
Q
(/)]
o
S 2.
S a,b
- a T
.g 11— a a a
g = —
e
0
SMAD3- + - - 4+ +
FOXL2 - - wt C134W wt C134W

Figure 5. Human CYP19 promoter activity controlled by SMAD3
and FOXL2. (a) Luciferase construct of human CYP19 promoter.
Potential FBE and SBE are shown. HGrC1 cells were transfected with
the CYP19-luciferase reporter and indicated plasmid combinations
of SMAD3 and Flag-FOXL2"" or Flag-FOXL2<'3*". Empty expression
vectors for SMAD3 and for Flag-FOXL2 were added as necessary to
equalize the amount of plasmid transfected per well. After 4 hours,
serum-free medium was replaced and cells were cultured for 24
hours. (b) gRT-PCR was performed to measure CYP19 mRNA levels.
Representative results (n = 3) from triplicate experiments are
presented. Data are shown as mean + SEM. Different letters denote
significant difference among experimental conditions (P < 0.05).
Luc, luciferase; wt, wild-type.

FOXL2"" and FOXL23*Y, These results suggested
that either the FBES or SBE might distinguish the ac-
tivities of FOXL2™ vs FOXL2°**¥Y in regulating
CYP19 transcription in the presence of SMAD3. We
mutated six bases in either the SBE or FBES in the -823/
CYP19-Luc construct and examined their activities
[Fig. 6(b)]. Interestingly, the SBE mutant (left panel)
maintained differential activity, whereas the FBES
mutant (right panel) failed to exhibit selective induction
by FOXL2°13*¥ indicating that FBES is sufficient
to distinguish between the activities by FOXL2"* and
FOXL2¢12*W,

FOXL2"3**W forms a more stable complex with
SMADS3 than FOXL2"* in HGrC1 cells

The reporter truncation analysis results implicated no
role for the SBE, consistent with a lack of a role for SMAD2
in CYP19 expression. However, SMAD3 was critical for
the difference in CYP19 expression by FOXL2¢!3*¥
inferring an alternative function of SMAD3. To investigate
a possible interaction between FOX1.2 and SMAD3, cells
were again transfected with combinations of SMAD3,
FOXL2%, and FOXL2%"3**¥ plasmids, and immuno-
precipitations were performed and analyzed by western
blot. Figure 7 shows the levels of SMAD3 coprecipitated
with FOXL2™ or FOXL2"**¥ (top panel) along with
the input levels of SMAD3, FOXL2", or FOXL2¢134¥
(middle and bottom panels). Despite equal or greater
expression by FOXL2"Y, the interaction of SMAD3 was
more intense with FOXL213*¥ than FOXL2" (P <
0.05), suggesting a more stable complex formed with
FOXL2“"*¥ than FOXL2™".

FOXL2"**W binds to FBE5 with a more stable
interaction than FOXL2"" in HGrC1 cells

To further investigate whether FOXL213*Y directly
binds to the FBES in the proximal promoter of CYP19,
we performed oligonucleotide precipitation assays with
probes that include intact or mutated FBES and SBE sites
[Fig. 8(a)]. Cells expressing combinations of SMAD3,
FOXL2", and FOXL2"3*¥ plasmids were treated with
activin A for 24 hours, lysed, and subjected to precipitation
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Figure 6. Luciferase activities of truncated constructs of human CYP19 promoter. (a) HGrC1 cells were transfected with an indicated CYP19-
luciferase reporter and Flag-FOXL2"! or Flag-FOXL2<'3*W with (gray bars) or without (white bars) SMAD3 plasmid. Ratio of relative luciferase
activities on the effect of FOXL2' or FOXL2"3*W are shown. (b) Contribution of the SBE or FBE5 to SMAD3 and FOXL2¢"3*%W activation of
CYP19 transcription. SBE and FBES sites were mutated in six internal bases (sequence not included in the box) within the -823/CYP19-luciferase

reporter and tested for activation of luciferase transcription by FOXL2** or FOXL

2C134W 3and SMADS3. Relative luciferase activities are shown.

Representative results (n = 3) from triplicate experiments are presented. Data are shown as mean = SEM. The asterisks denote a significant
difference among experimental conditions (*P < 0.05; **P < 0.01). Luc, luciferase; ns, not significant; wt, wild-type.

studies. FOXL2°**Y was more efficiently precipitated
with FBES/SBE than FOXL.2"* [Fig. 8(b), left panel; P < 0.05],
although the input levels of FOXL2"" and FOXL2<!3*Y
were equal. However, when FBES was mutated (FBES-
M/SBE), the precipitated levels of both FOXL2"* and
FOXL2¢13*¥ were dramatically reduced [Fig. 8(b),
right panel]. Interestingly, the probe mutated at SBE
(FBES/SBE-M) did not alter FOXL2%* or FOXL2¢134W
binding to FBES relative to the FBES/SBE probe (P <
0.05). These findings provide additional evidence that
FBES is a binding site for FOXL2 and that C134W mutation
confers more stability to FBES binding by FOXL2¢"3*¥
relative to FOXL2"", suggesting that FBES is essential for
the differential activation of CYP19 transcription by
FOXL2%"**W¥ in HGrC1 cells.

Discussion

To study the molecular mechanisms underlying human
GC function, GCs from in vitro fertilization patients have
been widely used. However, there are substantial limitations

in using in vitro fertilization GCs due to limited number of
pooled GCs from several follicles that may have different
gene expression profiles. Also, they are fully luteinized
and do not survive in culture for an extended period.
Reliable immortalized GCs are necessary as repro-
ducible models of GC function. In the current study,
experiments were carried out using a newly established,
nonluteinized human GC cell line, HGrC1 (59). This
cell line was established from GCs of the normal right
ovary from a patient with monolateral mucinous ade-
nocarcinoma at the left ovary and exhibits features of
normal GCs at the early antral follicle stage expressing
P450 aromatase and other GC-specific markers (59,
64). Thus, the HGrC1 cell line is distinct from other
GCT-derived cell lines such as KGN and COV434 and
may be more suitable to use in studies to extrapolate
data obtained with the rodent to the human model. In
fact, KGN cells are heterozygous for FOXL2134V
whereas COV434 cells have a defect in FOXL2 gene
transcription (52). In contrast, our current study found
that HGrC1 cells are homozygous for FOXL2Y",
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Figure 7. Protein-protein interactions between SMAD3 and
FOXL2"* or FOXL2"3*W, HGrC1 cells were transfected with
combinations of Myc-SMAD3, Flag-FOXL2"", and Flag-FOXL2¢ 34V
plasmids. Empty expression vectors for Myc-SMAD3 and for Flag-
FOXL2 were added as necessary to equalize the amount of plasmid
transfected per well. After 4 hours, serum-free medium was
replaced and cells were cultured for 24 hours. (a) Protein lysates
were immunoprecipitated with anti-Flag agarose beads, and
SMAD3 proteins were detected with anti-Myc antibody. Levels

of SMAD3 and FOXL2 proteins in the lysates before
immunoprecipitation (INPUT) were detected with anti-Myc and
anti-Flag antibodies, respectively. (b) Relative signal intensities of
SMAD3 protein coprecipitated with FOXL2 were measured.
Representative results from triplicate experiments are presented.
Data are shown as mean = SEM. Different letters denote
significant difference among experimental conditions

(P < 0.05). IB, immunoblotting; IP, immunoprecipitation; wt,
wild-type.

Using HGrCl1 cells, we present data that FOXL2"" has
no effect on CYP19 mRNA expression regardless of
activin A treatment or SMAD3 overexpression. How-
ever, FOXL2 is known to repress many genes regulated
by follicle-stimulating hormone, including CYP19, in

FOXL2<"**W and SMAD3 Upregulate CYP19 Expression
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CHO, KGN, and mouse primary GCs (65-67). FOXL2
downregulates CYP19 expression in CHO cells (65) but
upregulates CYP19 expression in COS7 cells and ovine
primary GCs (68) as well as in Japanese flounder (69) and
tilapia (70). Therefore, FOXL2 regulation of CYP19
expression is controversial; the activity depends on the
different cell types and species used in the study.

Our key finding is that FOXL2“"**¥ but not FOXL2"",
is able to induce CYP19 mRNA expression by an im-
pressive 50-fold in the presence, but not absence, of
activin A. Importantly, this was a functional change, as
it corresponded to a 20-fold enhancement in estrogen
level. This provides one mechanism to explain the in-
creased levels of estrogen in women with aGCT. We
further noted an eightfold increase in CYP19 when
combined with SMAD3 expression. In fact, the eight-
fold increase would be remarkable if it were not over-
shadowed by the effect of FOXL23*¥ with activin A.
This is a transcriptionally regulated process, because
CYP19 promoter activity was also stimulated in a similar
way. These data are in line with previously reported results
by Fleming et al. (16), in which FOXL2°"3*¥ was seen to
increase CYP19 transcription compared with FOXL2™".
This occurred via a single, highly conserved FOXL2
binding site, but in association with “unknown cofactor(s).”
We show here that SMAD3 is a cofactor that differ-
entially regulates CYP19 transcription in a manner
dependent upon its partner, FOXL2¢"3*¥ or FOXL2",
This was not broadly true of all SMADs, as SMAD2
failed to regulate CYP19 transcription in HGrC1 cells.
Moreover, we found that FOXL213*W¥ binds FBES in
CYP19 promoter more frequently or more firmly than
FOXL2"* and induces CYP19 promoter activity in the
presence of SMAD3.

In the Co-IP assays (Fig. 7), FOXL2¢"3*Y exhibited
more stable interactions with SMAD3 compared with
FOXL2%". However, we were unable to detect SMAD3
protein in the oligonucleotide coprecipitation assays
despite our numerous attempts, including not only var-
iations of experimental conditions, but also use of mul-
tiple inhibitors of alkaline phosphatase and a SMAD3
tagged with six copies of Myc to amplify our sensitivity
relative to SMAD3 with one Myc epitope. The difference
between biological and biochemical outcomes could be
attributed to the difference in their experimental sensi-
bilities. Thus, the precise mechanism by which SMAD?3 is
involved in the mechanism of FOXL2“"**¥.induced
CYP19 expression is not fully elucidated. However, our
current data led us to propose a possible mechanism by
which FOXL23*W and FOXL2"* differently regulate
CYP19 transcription with SMAD3 in HGrCl1 cells as
depicted in Fig. 9. Our data and proposed mechanism
support the model described by Li et al. (71), in which
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Figure 8. Oligonucleotide precipitation assay. (a) Biotinylated oligonucleotide probes were used for precipitation assays. FBE5 and SBE sites are
boxed. FBE5-M and SBE-M are mutated FBE5 and SBE, respectively. (b) HGrC1 cells were transfected with Flag-FOXL2" or Flag-FOXL2¢"**" plus
Myc-SMAD3 plasmids. Empty expression vectors were added as necessary to equalize the amount of plasmid transfected per well. After 4 hours,
serum-free medium was replaced, and cells were cultured in the presence or absence of 100 ng/mL activin A for 24 hours followed by the
collection of cell lysates. Protein lysates were immunoprecipitated with each probe precoupled to streptavidin-conjugated agarose beads, and
FOXL2 protein was detected with an anti-Flag antibody. (c) Relative signal intensities of FOXL2 protein coprecipitated with streptavidin-conjugated
agarose beads were measured. Representative results from triplicate experiments are presented. Data are shown as mean + SEM. Different
letters denote significant difference among experimental conditions (P < 0.05). IB, immunoblotting; IP, immunoprecipitation; wt, wild-type.

SMAD3 binds, through the MH2 domain, to FOXL2 and

not to the DNA.

The Cys'** residue is located within the C-terminal
region of the forkhead domain, required for both DNA
binding (24) and interaction with SMAD?3 (37). Considering

this, it is conceivable that the C134W mutation may

cause more stable interactions of FOXL2 with both

FBES and SMAD3, resulting in the excessive expression
of CYP19. A potential role for a GC mitogen, activin
A, in the pathogenesis of GCTs is also plausible as
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Figure 9. A possible mechanism for the regulation of CYP719
transcription by FOXL2"*" and SMAD3. Collective data in the
current study support that FOXL2<"**" and SMAD3 synergistically
stimulate CYP19 transcription by binding to FBE5 in CYP19
promoter more strongly than FOXL2"* and SMAD3.

activation of SMAD3 has been implicated in the
pathogenesis of GCTs (42).

CYP19 expression is a hallmark of aGCT, and serum
E, levels are elevated in aGCT patients. There is not
always a correlation between E, levels and the progres-
sion or recurrence of aGCTs (72, 73), which may relate
to a lack of theca cells in the tumor stroma of certain
aGCTs (74). In these patients, it is possible that, E, levels
are normal yet CYP19 mRNA or protein levels are ele-
vated. Additionally, serum inhibin B levels are markedly
raised in women with aGCT (72, 75). However, neither
FOXL2"" nor FOXL2¢"3*¥ regulated INHBB mRNA
when cells were treated with or without activin A, or in the
presence or absence of SMAD3 overexpression [Fig. 1(b)
and Fig. 2(b)]. Nevertheless, our findings in the HGrC1
cells do not exclude the possibility that FOXL2134W¥ is
linked to the elevated level of inhibin B in vivo in
aGCT patients.

Blount et al. (37) uncovered a synergistic effect of
FOXL2 and SMAD3 in enhancing activin A stimulation
of follistatin expression in the pituitary. We later re-
ported that downregulation of endogenous FOXL2 in
rat primary GCs resulted in increased follistatin mRNA
expression, suggesting that, in contrast to the report in
pituitary cells, FOXL2 is inhibitory in follistatin ex-
pression in the ovary (41). Also, we showed that FOXL2
inhibits GDF9-induced follistatin transcription whereas
FOXL2¢13*Y is more potent than FOXL2" in the

FOXL2<"*W and SMAD3 Upregulate CYP19 Expression
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inhibition in rat primary GCs. In the presence of
SMAD3 overexpression, their inhibitory activities were
more prominent (41). The synergistic suppression of
follistatin transcription by FOXL2¢"3*¥ and SMAD3
was also demonstrated in our COV434 cell model (40).
Further, in KGN cells, FOXL2"", but not FOXL2¢134¥,
stimulates follistatin mRNA expression (55). Thus,
transcriptional activity of FOXL.2 seems likely to be cell-
type dependent, which may reflect a different sub-
population of transcriptional partners (41). Our finding
that the FOXL2 genes at both alleles in HGrC1 cells are
intact and lack mutations would be useful information
for the studies exploring the role of FOXL2“3*¥ in GC
functions.

In summary, we have used HGrC1 cells to investigate
the role of FOXL2"3*¥ mutation in GC function and
found that (1) FOXL2°"**¥ stimulates CYP19 mRNA
expression in the presence, but not absence, of activin A
or SMAD3 overexpression, whereas FOXL2"* does not
regulate CYP19 mRNA expression regardless of the
presence of activin A or SMAD3 in HGrC1 cells; (2)
SMAD2 does not cooperate with FOXL2¢13*W in
stimulating CYP19 mRNA expression: (3) FOXL2134Y
but not FOXL2"Y, stimulates CYP19 promoter in the
presence of SMAD3 overexpression and FBES site is
necessary for this transcriptional activation; and (4)
FOXL2“3*¥ interacts with both SMAD3 and FBES
more strongly than FOXL2"™, This study demonstrates
that SMAD3 is essential for FOXL2¢"3*¥ stimulation of
CYP19 expression in HGrCl1 cells, a synergistic action
that is not observed in the presence of FOXL2"" and
SMAD?2. The ability conferred by the C134W mutation
to FOXL2 to bind DNA and partner proteins more stably
might explain the altered CYP19 transcriptional activity
and the excess of estrogen in aGCT patients.
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