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Mutations in FOXL2 are responsible for blepharophimosis-ptosis-epicanthus inversus syndrome
(BPES) type I, in which affected women exhibit premature ovarian failure. FOXL2-null mice
showed defects in granulosa cell development during folliculogenesis. We screened a rat ovarian
yeast two-hybrid cDNA library to identify FOXL2-interacting proteins and found steroidogenic
factor-1 (SF-1). Here, we show that human FOXL2 and SF-1 proteins interact in human granulosa
cells and that FOXL2 negatively regulates the transcriptional activation of a steroidogenic en-
zyme, CYP17, by SF-1. Furthermore, FOXL2 mutants found in blepharophimosis-ptosis-epicanthus
inversus syndrome type I patients lost the ability to repress CYP17 induction mediated by SF-1.
Chromatin immunoprecipitation and EMSA results further revealed that FOXL2 inhibited the
binding of SF-1 to the CYP17 promoter, whereas the FOXL2 mutants failed to block this interac-
tion. Therefore, this study identifies a novel regulatory role for FOXL2 on a key steroidogenic
enzyme and provides a possible mechanism by which mutations in FOXL2 disrupt normal
ovarian follicle development. (Molecular Endocrinology 24: 1024 –1036, 2010)

FOXL2 is a winged-helix/forkhead (FH) domain tran-
scription factor, and mutations in the FOXL2 gene are

responsible for blepharophimosis-ptosis-epicanthus in-
versus syndrome (BPES) (OMIM no. 110100) type I, in
which affected women exhibit premature ovarian failure
(POF) (1). In situ hybridization and immunohistochem-
istry studies confirm that FOXL2 is mainly localized to
undifferentiated granulosa cells in the ovary (2, 3). In
FoxL2lacZ homozygous mutant murine ovaries, failure
of granulosa cell differentiation leads to premature ac-
tivation of primordial follicles and consequent follicu-
lar depletion and atresia (4). Earlier reports indicated
that disruption of FOXL2 in mice leads to a block in
ovarian follicle development due to the failure of so-
matic cell development around growing oocytes (3).

Thus, unveiling the downstream targets of FOXL2
would greatly enhance our understanding of ovarian
physiology and pathology.

In an effort to understand the signaling pathway of
FOXL2, we screened a rat ovarian cDNA library to iden-
tify FOXL2-interacting proteins using the yeast two-hy-
brid system and found steroidogenic factor-1 (SF-1). The
Nagahama group (5) also recently reported the in vitro
association of tilapia fish SF-1 with FoxL2. SF-1 is an
orphan nuclear hormone receptor, also known as NR5A1
and Ad4BP, and is essential for gonadal development,
because SF-1-mutant mutant mice lack gonadotropes
in the pituitary (6). In the rodent ovary, SF-1 is widely
expressed in the nucleus of granulosa, theca, and inter-
stitial cells (7). SF-1 is a transcription factor that binds
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to the promoters of steroidogenic enzymes, including
CYP11A, CYP17, CYP19, and StAR, and regulates
their expression (8).

Here, we found that endogenous FOXL2 and SF-1
proteins interact in a human granulosa cell line, and
that FOXL2 negatively regulates the transcriptional ac-
tivity of SF-1 on the steroidogenic enzyme, CYP17.
Interestingly, the FOXL2 mutants identified in POF
patients with BPES type I failed to repress SF-1-medi-
ated CYP17 gene induction. Chromatin immunopre-
cipitation (ChIP) and EMSA results revealed that wild-
type (WT) FOXL2 inhibited the interaction of SF-1
with the CYP17 promoter, whereas mutant FOXL2
failed to block the association of SF-1 with the CYP17
promoter. Therefore, this study identifies a novel reg-
ulatory role for FOXL2 and provides a possible mech-
anism by which mutations in FOXL2 disrupt normal
ovarian follicle development.

Results

Interaction of FOXL2 with SF-1
The in vivo interaction between the

FOXL2 and SF-1 proteins was demon-
stratedby immunoprecipitationusinganti-
SF-1 or anti-Flag M2 antibodies after
overexpression of Flag-tagged FOXL2
and Flag-tagged SF-1 in 293T cells (Fig.
1A). In addition, association of endog-
enously expressed FOXL2 and SF-1 pro-
teins in the human granulose cell line
KGN (10) was confirmed by coimmuno-
precipitation (Fig. 1B). Because liver re-
ceptor homolog (LRH)-1 (NR5A2) is a
member of the nuclear receptor NR5A
subfamily as is SF-1 (NR5A1), we exam-
ined the binding activity of FOXL2 to
LRH-1 in 293T cells. In contrast to SF-1,
LRH-1 did not associate with FOXL2
based on the immunoprecipitation ex-
periments (Fig. 1C), suggesting a specific
interaction between FOXL2 and SF-1.

Identification of the domain
involved in the interaction
between FOXL2 and SF-1

To identify the domain of SF-1 that is
involved in the association with FOXL2,
DNA constructs that code for partially
truncated mutants of SF-1 were gener-
ated (Fig. 2A) and their binding capacity
for FOXL2 was analyzed by immuno-
precipitation after their overexpression.
SF-1 is a 461-amino acid protein with

two zinc finger DNA-binding domains (DBDs) and a ligand-
binding domain (LBD) separated by a hinge (Fig. 2A). Mu-
tant SF-1 with a complete (1-240) or a partial loss (1-350) of
the LBD efficiently formed a complex with FOXL2 (Fig.
2B). In contrast, a SF-1 mutant with a truncated N terminus,
leading to the loss of the DBD and the hinge region (220-
461), lost its interaction with FOXL2 (Fig. 2B). Further-
more, the binding of FOXL2 was abolished by a minimal
deletion of the DBD from SF-1 (90-461) (Fig. 2B), suggest-
ing that the DBD of SF-1 plays a critical role in its association
with FOXL2, whereas other regions, including the hinge
and the LBD of SF-1, do not.

Inhibitory effect of FOXL2 on SF-1-mediated CYP17
transcriptional activation

Ectopic expression of SF-1 greatly transactivated the
CYP17 promoter in KGN cells by over 100-fold (Fig. 3A).
However, coexpression with full-length FOXL2 nearly

FIG. 1. In vivo association of FOXL2 with SF-1. A, Flag-FOXL2 and SF-1 proteins were overexpressed
in 293T cells for 24 h. The cell lysates were immunoprecipitated with either �-SF-1 or �-Flag M2
antibodies and subjected to Western blot analyses using �-Flag M2 or �-SF-1, respectively. B, The
interaction of endogenous FOXL2 and SF-1 proteins in KGN cells was also confirmed by
immunoprecipitation using �-FOXL2 and �-SF-1 antibodies. C, After overexpression of Flag-FOXL2,
HA-SF-1, and HA-LRH-1 proteins in 293T cells, the cell lysates were immunoprecipitated (IP) and
Western blotted (immunoblot, IB) with either �-HA or �-FOXL2 antibodies.
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abolished SF-1-induced CYP17 gene activation (Fig. 3A).
Next, we tested whether a FOXL2 mutant (1-53; Fig. 4A)
found in a BPES type I patient with POF had lost its ability
to inhibit the transcriptional activity of SF-1 and found
that the mutant FOXL2 failed to repress CYP17 tran-
scription by SF-1 (Fig. 3A). Although LRH-1, the ho-
molog of SF-1, also transactivated CYP17, FOXL2 did
not block its activation activity (Fig. 3B), consistent with
the lack of interaction observed between FOXL2 and
LRH-1 (Fig. 1C). To determine whether FOXL2 also af-
fects other target genes of SF-1, including StAR,
CYP11A1, and HSD3ß1, SF-1, FOXL2, or both proteins
were overexpressed in KGN cells, and real-time PCR anal-
yses were conducted. The mRNA expression levels of StAR,
CYP11A1, and HSD3ß1 were significantly increased by

SF-1, but the up-regulated expression of
those transcripts were not significantly
altered even after coexpression of
FOXL2 (see Supplemental Fig. 1, pub-
lished on The Endocrine Society’s Jour-
nals Online web site at http://endo.
endojournals.org).

Next, FOXL2 was depleted in KGN
cells using a small interfering RNA
(siRNA) specific for FOXL2 mRNA,
and efficient knock-down of FOXL2
proteins was confirmed by immuno-
blot analysis (Fig. 3C). The transactiv-
ity of SF-1 on CYP17 promoter activity
increased by approximately 5-fold in
the FOXL2-silenced cells compared
with that in control cells receiving
scrambled siRNA (Fig. 3D), demon-
strating the repressive role of the en-
dogenous FOXL2 protein on SF-1
activity.

To elaborate the functional relation-
ship between WT FOXL2 and mutated
forms of FOXL2, including those found
in POF patients, on the repression of SF-1
activity, additional FOXL2 mutants
lacking various functional domains were
generated (Fig. 4A). We compared the
ability of FOXL2 WT and mutants to
repress SF-1-induced transactivity to-
ward CYP17 in primary granulosa cells
isolated from immature rats. As shown in
Fig. 4B, SF-1 produced a prominent
transactivation of the CYP17 promoter,
and the stimulatory effect was com-
pletely blocked by FOXL2 overexpres-
sion. However, the FOXL2 mutants,
1-52 and 219-376, which both lacked

the FH domain, lost the ability to repress the transcriptional
activity of SF-1 on CYP17 (Fig. 4B). Other FOXL2 mutants,
which retained the FH domain (1-218 and 1-274) and are
found in BPES patients, were able to inhibit SF-1-induced
CYP17 activation, but the suppression was significantly
compromised compared with that of WT FOXL2 (Fig. 4B).
Like WT FOXL2, a FOXL2 mutant lacking the alanine-rich
region (�Ala) retained the inhibitory effect, but the FH
domain-deleted FOXL2 (�FH) not only failed to repress,
but also further augmented, the transcriptional activation of
CYP17 by SF-1, implying that this mutant may even exist as
a dominant negative form in rat granulosa cells (Fig. 4B).
The WT or mutant FOXL2s did not significantly influence
CYP17 reporter gene expression (Fig. 4B). Thus, these data

FIG. 2. Identification of the domain of SF-1 involved in binding with FOXL2. A, Secondary
structures of WT SF-1 containing the DBD, hinge region, and LBD, and truncated mutants of
SF-1 are shown. The numbering refers to the amino acid (aa) position. B, Flag-FOXL2 together
with Myc-tagged WT or mutant SF-1 proteins were ectopically expressed in 293T cells, and
their binding capacity was assessed by immunoprecipitation (IP) with �-Myc and �-FOXL2
antibodies. To assess expression of the respective proteins, Western blot (immunoblot, IB)
analyses were conducted. Equal amounts of total protein were loaded in each lane, which
was confirmed by the level of GAPDH expression.
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demonstrate the importance of the FH domain for the in-
hibitory effect of FOXL2 on SF-1-induced CYP17 transcrip-
tional activation in that the mutated FOXL2s exhibit re-
duced activities.

Differential binding of FOXL2 and its mutants
to SF-1

To investigate whether the defective inhibitory ef-
fects of the FOXL2 mutants on the transcriptional ac-
tivation of CYP17 by SF-1 could be due to altered
binding capacity of the mutant forms of FOXL2 to
SF-1, immunoprecipitation experiments were con-
ducted in 293T cells. Two mutant forms of FOXL2
(1-218 and 1-274), which lacked sequences at the C
terminus, retained the interaction with SF-1, but the
N terminus-deleted (219-376) or FH-deleted (�FH)
FOXL2 mutants lost their ability to bind to he SF-1
protein (Fig. 5A). The alanine region-deleted (�Ala)
FOXL2 mutant exhibited a reduced association with

SF-1 (Fig. 5A). These binding assays suggest that the
carboxyl end of FOXL2, including the alanine-rich re-
gion, is dispensable, but that the FH domain of FOXL2
is required for its association with SF-1. Because both
mutants lacking the FH domain (218-376 and �FH)
lost both the transcriptional repressive activity (Fig.
4B) and the capacity to interact with SF-1 (Fig. 5A), the
FH domain of FOXL2 seems to be crucial in this
context.

Subcellular localization of FOXL2 and its mutants
Because a previous study reported that mutations of

FOXL2 lead to subcellular mislocalization and im-
paired transactivation (11), we investigated whether
FOXL2 mutants failed to repress the transactivity of
SF-1 by affecting the subcellular localization of SF-1.
To determine the subcellular localization of FOXL2
mutants and SF-1, the nuclear and cytosolic fractions
of 293T cell lysates were separated after overexpres-

FIG. 3. Inhibitory role of FOXL2 on SF-1-induced CYP17 promoter activation. A, Effects of FOXL2 and mutant FOXL2 (1–52) from a BPES type I
patient on the transcriptional activity of SF-1 were investigated using a luciferase reporter system containing the CYP17 promoter in KGN cells.
Equal amounts of total DNA were used. As a control, cells were transfected with empty vector together with pGL3 CYP17 promoter. Data are
from three independent experiments conducted in triplicate and are presented as fold relative luciferase unit (RLU). Statistically significant values
between groups are indicated with different letters (P � 0.05). B, Luciferase assays were performed as described in A by using LRH-1 instead of
SF-1. Statistically significant values between groups are indicated with different letters (P � 0.05). C, Using a siRNA specific for FOXL2 mRNA,
knock-down cells were produced, and reduced expression of endogenous FOXL2 in KGN cells was confirmed by immunoblot analysis. D, CYP17-
luciferase reporter assays in FOXL2-depleted KGN cells were conducted as described in A. Asterisks indicate significant values compared with the
control cells (�) transfected with an empty vector (P � 0.05).
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sion of different forms of FOXL2 with or without SF-1.
Efficient fractionation was determined by immuno-
blotting of histone H2B and ß-actin (Fig. 5B). Cellular
localization of SF-1 and FOXL2 was also determined
by fluorescence confocal microscopy (Fig. 5, C and D).
The SF-1 protein was expressed in the nucleus, and its
nuclear localization was not altered by FOXL2 over-
expression (Fig. 5, B and D). WT and mutant FOXL2s
were present in both the nuclear and cytosolic frac-
tions, and their localization was not affected by SF-1
overexpression (Fig. 5, B–D). WT and mutant FOXL2s
(1-218, 1-274, and �Ala), which retained the FH do-
main, were largely present in the nuclear fraction (Fig. 5, B
and C). In contrast, FOXL2 mutants (219-376 and �FH),
which were devoid of the FH region, were mainly detected in
the cytosolic fraction (Fig. 5, B and C).

Inhibition on SF-1-binding to the CYP17 promoter
by FOXL2

To examine the possibility that the observed inhibition
of FOXL2 on SF-1-induced CYP17 transcription ob-
served (Fig. 3) could be due to interference of FOXL2 on
the binding of SF-1 to CYP17, EMSA was performed
using His-tagged purified recombinant FOXL2 and SF-1
proteins. The probe used contained known SF-1-binding
sequences (Fig. 6A) at �211 to �204 (12). The SF-1
protein bound to the CYP17 DNA probe, and no complex
was found in the presence of an excess amount of cold
competitor, whereas FOXL2 did not associate with the
CYP17 probe (Fig. 6B). Moreover, a dose-dependent loss
of the SF-1-CYP17 DNA complex by addition of increas-
ing amounts of FOXL2 protein was observed, whereas
incubation with an unrelated protein, BSA, did not dis-

FIG. 4. Reduced activities of mutant FOXL2 with respect to the repression of SF-1-induced CYP17 transcription. A, Mutant FOXL2 from BPES type
I patients (1-52, 1-218, and 1-274) and artificial FOXL2 mutants are shown. The FH DBD and Ala repeat regions are indicated. B, The activities of
mutant FOXL2s on SF-1-mediated CYP17 transactivation in primary granulosa cells isolated from immature rats were assessed by luciferase
reporter assays as in Fig. 3A. Statistically significant values between groups are indicated with different letters (P � 0.05).
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rupt the association of SF-1 with CYP17 DNA (Fig. 6B).
Addition of anti-SF-1 antibodies weakened the formation
of the SF-1-DNA complex, and supershift of SF-1-DNA
complex was observed when antibodies to His-tag were
added to the reaction (Supplemental Fig. 2).

Because CYP19 (aromatase) transcription is known to
be activated by SF-1 (13), as well as goat and fish Foxl2
(5, 14), we also examined how FOXL2 affects the binding
of SF-1 to the CYP19 promoter. In the presence of the
FOXL2 protein, the formation of the SF-1 and CYP19
probe complex was augmented (Supplemental Fig. 3A),
and the enhanced complex formation between SF-1 and
CYP19 was observed by addition of FOXL2 protein in a
dose-dependent manner (Supplemental Fig. 3B). In accor-
dance, transactivation of SF-1-induced CYP19 was sig-
nificantly enhanced by coexpression of FOXL2, based on
luciferase reporter assays (Supplemental Fig. 3C), demon-
strating the distinct activities of FOXL2 toward different
sets of target promoters. Furthermore, competition assays
demonstrated that SF-1 has a higher affinity for CYP19
over CYP17 promoter (Supplemental Fig. 4).

Next, we investigated whether differential interference
of the association between SF-1 and the CYP17 promoter
by WT and mutant FOXL2 could explain the defective
inhibitory effects of FOXL2 mutants on SF-1-induced
CYP17 transcriptional activation. After cross-linking
proteins and DNA, chromatin was isolated from KGN
cells overexpressing SF-1 with or without FOXL2. The
SF-1 protein was immunoprecipitated with anti-SF-1 an-
tibodies, andPCRanalysiswasperformedon the immuno-
precipitated DNA using CYP17 primer sets that encom-
passed the putative SF-1 binding sequences (Fig. 6A).
Quantitative PCR from the immunoprecipitated chroma-
tin revealed enrichment of the CYP17 promoter frag-
ments with SF-1 (Fig. 6C). In contrast, coexpression of
FOXL2 abolished the enrichment of CYP17 DNA frag-
ments with SF-1 (Fig. 6C). Next, we assessed whether the
inhibitory effects differ for the mutant forms of FOXL2
using a ChIP assay. In contrast to the WT, the mutant
FOXL2 proteins (1-52, 219-376, and �FH), which
lacked the transrepression activity toward SF-1-induced
CYP17 promoter activation as shown in Fig. 4B, was
unable to inhibit the association of CYP17 DNA and SF-1
(Fig. 6C). On the other hand, �Ala FOXL2 efficiently
blocked the SF-1-CYP17 association in a similar manner
to WT FOXL2 (Fig. 6C), supporting its intact transre-
pression activity to CYP17 mediated by SF-1 (Fig. 4B).
The FOXL2 mutants showed partially compromised in-
hibition on SF-1-mediated CYP17 transactivation (Fig.
6C). Thus, these results suggest that the difference in the
inhibition of the association of SF-1 with CYP17 may

account for the differential CYP17 transcriptional repres-
sion elicited by WT and mutant FOXL2s.

Discussion

Although mutant FOXL2 was discovered in women with
POF in 2001 (1), only limited information regarding its
target genes and signal transduction pathway is available
so far. Here, we report that the human FOXL2 protein
physically interacts with SF-1 and regulates the transcrip-
tional activity of SF-1 on the expression of a steroidogenic
enzyme, CYP17; meanwhile, the mutated FOXL2 found
in patients shows impaired inhibitory activities on SF-1-
induced transactivation of CYP17 in ovarian cells.

SF-1, a member of the nuclear receptor superfamily, reg-
ulates various enzymes in steroid synthesis pathways of ste-
roidogenic organs. The steroidogenic enzyme CYP17, also
known as CYP17A1, P450c17, 17�-hydoxylase, or 17,20-
lyase, converts pregnenolone and progesterone to 17-hy-
droxypregnenolone or 17-hydroxyprogesterone and further
to dehydroepiandrosterone or androstenedione. Although
studies have demonstrated the transactivity of SF-1 on
CYP17 expression in adrenal and testicular cells (15), it was
unknown whether SF-1 also functioned accordingly in the
ovary. In the present study, we demonstrated the transcrip-
tional activation of CYP17 by SF-1 in both human and rat
granulosa cells (Figs. 3A and 4B).

Mice with granulosa cell-specific conditional knock-
out of SF-1 are sterile, have fewer follicles, lack corpora
lutea, and have hemorrhagic cysts. These characteristics
indicate the essential role of SF-1 in the ovary, which is
possibly in estrogen production (16). Granulosa cells of
small and preovulatory rodent ovarian follicles express
SF-1, and this expression is modulated by gonadotropins
(7). Therefore, SF-1 is likely to be a crucial factor for
regulating the expression of enzymes involved in ovarian
steroidogenesis. Consequently, any conditions that affect
the transcriptional activities of SF-1 could disturb steroid
hormone synthesis. In the present study, we found that
forced expression of FOXL2 led to the complete inhibi-
tion of SF-1-induced CYP17 up-regulation and that the
transactivity of SF-1 was further enhanced in KGN cells
lacking FOXL2 (Fig. 3, A and D). Strikingly, the mutant
forms of FOXL2 found in POF patients exhibited either
significantly compromised or abolished inhibitory effects
on SF-1-mediated CYP 17 transcription (Figs. 3A and 4B
and Table 1). Thus, FOXL2 may restrain SF-1 activity
to tightly control the production of sex hormones in the
ovary, whereas in women expressing the truncated
FOXL2 protein, normal production of sex steroid hor-
mones may be disturbed. We previously reported that
FOXL2 inhibits the transcription of StAR, an enzyme
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required for the initial step of steroidogenesis, whereas its
mutants fail to do so (2). Recently, the Nagahama group
reported the association of tilapia Sf-1 with Foxl2, al-
though they did not directly show binding of the two
proteins in vivo (5). They found that tilapia fish Foxl2
stimulates tilapia Cyp19a1, an aromatase gene, and fur-
ther enhances Sf-1-induced Cyp19a1 transactivation in
the mouse testicular cell line TM3. In addition, the trans-
activity of Sf-1 on medaka P450c17s was enhanced by
medaka Foxl2 in HEK 293 cells (17). The varied effects
observed may be partly due to the differences in species
and/or cell types used.

To investigate the underlying mechanism by which
WT and mutant FOXL2s display differential inhibitory
effects on SF-1 activity, their protein-protein interactions
were determined (Table 1). Comparative analyses of in
vivo binding and promoter activity results (Figs. 4B and
5A) indicate, that although the association between
FOXL2 and SF-1 seems to be necessary for FOXL2 or its
mutants to inhibit SF-1-mediated CYP17 transactivation,

a weaker interaction between them is possibly sufficient
to repress SF-1 activity, especially considering the effects
of the �Ala mutant (Table 1). Moreover, the compro-
mised transcriptional repression observed for mutant
FOXL2 proteins is not likely a direct consequence of al-
tered binding capacity between the mutants and SF-1, but
other elements seem to be involved. Thus, next, we tested
the possibility of discriminative actions by WT and mu-
tated FOXL2s in the association of SF-1 with the CYP17
promoter. According to the EMSA and ChIP data,
FOXL2 drastically inhibited the enrichment of CYP17
DNA on SF-1, whereas the mutant FOXL2 found in POF
patients completely or partially failed to block the asso-
ciation of SF-1 with CYP17 (Fig. 6, B and C, and Table 1).
These observations corroborate with the finding of the
observed differential inhibitory activities of WT and mu-
tants FOXL2 on SF-1-induced transcriptional activation
of CYP17 (Fig. 4B). At this point, it is unclear exactly how
FOXL2 hinders the binding of SF-1 to the promoter of
CYP17. However, based on our observation that the

FIG. 5. Determination of SF-1 binding by mutant FOXL2s and their subcellular localization. A, Truncated FOXL2 mutants described in Fig. 4A
were coexpressed with or without SF-1 in 293T cells. Immunoprecipitation (IP) experiments were conducted using �-SF-1 or �-Myc antibodies.
Equal amounts of total protein from the cell lysates were used in each lane. Lysates were prepared 24 h after transfection, separated into nuclear
and cytosolic fractions, and immunoblotted (IB) with the respective antibodies. B, The 293T cells overexpressed WT or mutant FOXL2 with or
without SF-1. Lysates were prepared 24 h after transfection, separated into heavy membrane and cytosolic fractions, and immunoblotted with the
respective antibodies. C, Myc-tagged WT and mutated FOXL2 were overexpressed in 293T cells, and fluorescence confocal microscopy images are
shown. Myc-FOXL2s were visualized using Alexa Fluor 546 goat antimouse IgG. Visualization of nucleus was determined using 4�,6-diamidino-2-
phenylindole (DAPI). D, Myc-FOXL2s were coexpressed with SF-1 in 293T cells, and the FOXL2s and Flag-tagged SF-1 proteins were visualized
using Alexa Fluor 546 goat antimouse IgG or Alexa Fluor 488 goat antirabbit IgG, respectively.

1030 Park et al. Inhibition of SF-1 by FOXL2 Mol Endocrinol, May 2010, 24(5):1024–1036

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article-abstract/24/5/1024/2706165 by guest on 04 Septem
ber 2019



DNA binding domain of SF-1 is essential for its interac-
tion with FOXL2 (Fig. 2B), the binding of FOXL2 to the
DNA binding domain of SF-1 may subsequently affect the
association of SF-1 with CYP17 by masking the promoter-
binding region. Concurrently, the engagement of FOXL2
with the SF-1 protein may also influence the association
between SF-1 and other cofactors that might be necessary
for the proper transcriptional activity of SF-1. Even
though the present study attempted to decipher the re-
pressive activity of FOXL2 on SF-1, the reciprocal action
of SF-1 to regulate unknown target genes of FOXL2 is
possible and should be evaluated in future studies.

Genotype-phenotype correlation for intragenic muta-
tions of FOXL2 has been proposed. Mutations predicted
to produce truncated proteins before the poly-Ala region
would be associated with BPES type I, whereas poly-Ala
expansion would result in BPES type II (18). The current
luciferase reporter assays performed with different
FOXL2 mutants support this prediction. Compared with
the observed transcriptional repression by WT FOXL2 on
SF-1-induced CYP17 activation, the mutant lacking both
the FH domain and the poly-Ala tract (1-52) completely

failed to repress CYP17 transcription (loss-of-function),
whereas another FOXL2 mutant possessing both the FH
domain and the Ala repeats retained its ability to inhibit
CYP17 transactivation, although the effect was dimin-
ished (Fig. 4B). Interestingly, the FH-deleted mutant
FOXL2 (�FH) not only lost its inhibitory effect on SF-1-
induced CYP17 activation, but also further increased
transactivation by SF-1, whereas the alanine-deleted
FOXL2 mutant (�Ala) retained its repressive activity
(Fig. 4B). Based on these data, the FH domain, but not the
poly-Ala region, of FOXL2 is important and likely essen-
tial and responsible for the transcriptional repression of
SF-1 at CYP17.

POF is a complex disease, and the etiology of most
cases of POF is idiopathic and very heterogeneous (19).
The two fundamental mechanisms of POF include either
a failure to attain the appropriate peak follicle number or
an accelerated loss of the oocyte and follicle pool (20).
Recently, different genetically modified mouse models of
POF have been established, which is expected to aid in
understanding ovarian failure in women (21). Despite the
fact that all of the gene knockout mouse models exhibit

FIG. 5. Continued.
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some degree of ovarian failure output, the spatial and
temporal expression patterns of the genes, the detailed
manifesting phenotypes in the ovaries, and the underlying
mechanisms by which the deletion of genes affecting nor-
mal ovarian function are extremely heterogeneous (19,
21, 22). The distinct phenotype of FOXL2 null mice sug-
gests a failure of granulosa cell differentiation, leading to
premature follicle activation and consequent depletion
(4), and SF-1 positively regulates the differentiation of rat
granulosa cells (23). Temporal expressions of FOXL2
and CYP17 in the course of follicle development agree,
because the level of FOXL2 is higher in primordial and
primary follicles in which CYP17 is not detectable (4, 24).

In the current study, we identified SF-1 as an endoge-
nous binding partner of FOXL2 in human ovarian cells.
FOXL2 acts as a suppressor of SF-1, leading to the inhi-
bition of the transcriptional activation of CYP17 in gran-
ulosa cells, whereas mutated FOXL2 proteins found in
women with BPES type I with POF lost the inhibitory
activity against CYP17 induction by SF-1. Therefore, this

study presents previously unknown targets of FOXL2
and provides their regulatory network. Although we
proved differential activities between WT and mutant
FOXL2 toward SF-1, more evidence is required to deter-
mine whether this signaling network accounts for the
ovarian pathogenesis of the truncated forms of FOXL2.

Materials and Methods

Chemicals and reagents
Unless otherwise indicated, reagents were purchased from

Sigma (St. Louis, MO).

Plasmid constructions
The SF-1 encoding plasmid and the human CYP17 promoter

plasmid were generous gifts from K. Parker (University of Texas
Southwestern Medical Center, Dallas, TX) and J. Richards (Baylor
College of Medicine, Houston, TX), respectively. The plasmid en-
coding FOXL2 was cloned as described previously (9), and the
HA-tagged LRH-1 expression vector was kindly provided by H. S.
Choi (Chonnam National University, Gwangju, Korea). Flag-

FIG. 5. Continued.
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tagged FOXL2 was produced by PCR amplification using the
following primers: pcFlag-hFOXL2-F (5�-AGTGGATCCATGG-
ACTACAAAGACGACGACGACAAAGCCAGCTACCCCGA-
GCCC) and FOXL2-R (5�-CTACTCGAGTCAGAGATCGAG-
GCGCGA) and cloned into pcDNA3. pCMV Myc-tagged
(CLONTECH, Mountain View, CA) FOXL2 was cloned after
PCR amplification using the following primers: FOXL2-F (5�-
CTAGAATTCAAATGATGGCCAGCTACCCC) and FOXL2-R
(5�-CTACTCGAGTCAGAGATCGAGGCGCGAATG). Mutant
forms of FOXL2 were cloned into pCMV Myc after PCR ampli-
fication using the respective primer sets: FOXL2 (1-52) with

FOXL2-F and FOXL2 52-R (5�-CTACTCGAGTCACGC-
CGGGTCCGGCTTCTC); FOXL2 (1-218) with FOXL2-F and
FOXL2 218-R (5�-CTACTCGAGTCAGCAGGAGGCAT-
AGGGCAT); FOXL2 (1-274) mutant with FOXL2-F and FOXL2
274-R (5�-CTACTCGAGTCAGTACGAGTTCACTACGCC);
and FOXL2 (218-376) mutant with FOXL2 218-F (5�-
CTAGAATTCAAATGCAGATGGCGGCAGCCGC) and
FOXL2-R. The �Ala FOXL2 and the �FH FOXL2 constructs
were produced by a recombinant PCR technique using the follow-
ing primers: �Ala FOXL2 with FOXL2-F, �Ala FOXL2-R (5�-
CCGCGCCAGGGCTACCGGGCTGGCAGGAGGCATAGG),
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FIG. 6. Disturbance of SF-1 recruitment to CYP17 by FOXL2. A, The CYP17 promoter region with SF-1-binding elements (red) is shown. The
region of CYP17 probe sequences used in EMSA is indicated by two parallel lines, and the primer pair used for PCR amplification is indicated with
arrows. B, Coomassie blue staining of the purified recombinant His-tagged SF-1 and FOXL2 proteins are shown (left panel). The recombinant SF-1
(1.0 �g) was incubated in the presence of increasing amounts of FOXL2 protein (0.1, 0.25, 0.5, and 1.0 �g) with radiolabeled double-stranded
oligonucleotides corresponding to the CYP17 promoter (right panel). Cold probe (�100) and BSA (1.0 �g) were also included to examine the
specificity of the complex formation. C, KGN cells were transfected with plasmids encoding SF-1 together with WT or mutated FOXL2, and ChIP
was performed using an �-SF-1 antibody. Using the precipitated chromatin fragment, PCR was conducted with a set of CYP17-specific primers
that encompassed the SF-1-binding elements. The PCR products were electrophoresed in an agarose gel and visualized. As a negative control,
normal IgG was used in the ChIP assays. A representative gel picture from three independent experiments is shown.

TABLE 1. Summary of properties of WT and mutant FOXL2s

FOXL2 WT and
mutants

Binding to
SF-1

Major cellular
localization

Repression of SF-1-induced
CYP17 transactivity

Inhibition of SF-1-CYP17
complex formation

WT ��� N ��� ���
1-52 n.d. n.d. � �
1-218 ��� N �� ��
1-274 ��� N �� ��
219-376 � C � �
�Ala � N ��� ���
�FH � C �� �

Plus sign, Positive action; more than one plus sign, stronger positive action; minus sign, negative action; more than one minus sign, stronger
negative action; n.d., not determined due to small size; N, nuclear; C, cytosolic.

Mol Endocrinol, May 2010, 24(5):1024–1036 mend.endojournals.org 1033

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article-abstract/24/5/1024/2706165 by guest on 04 Septem
ber 2019



�Ala FOXL2-F (5�-CCCGGTAGCCCTGGCGCGGCCGCT-
GTG), and FOXL2-R; and �FH FOXL2 with FOXL2-F, �FH
FOXL2-R (5�-CGGCCGGAAGGGCCTCTTCTGCGC-
CGGGTCCGGCTT), �FH FOXL2-F (5�-AAGAGGCCCTTC-
CGGCCGCCGCCCGCG), and FOXL2-R. Flag-tagged pcDNA3
SF-1 was PCR amplified using the following primers: pcFlag-
hFOXL2-F (5�-AGTGGATCCATGGACTACAAAGACGAC-
GACGACAAAGACTATTCGTACGAGAG) and SF-1-R (5�-
CTACTCGAGTCAAGTCTGCTTGGCTTG). pCMV HA
(CLONTECH) SF-1 was cloned after PCR amplification using the
following primers: CMV SF-1-F (5�- CTAGAATTCAAATGGAC-
TATTCGTACGACGAG) and CMV SF-1-R (5�-CTACTC-
GAGTCAAGTCTGCTTGGCTTG). Truncated SF-1 plasmids
were PCR amplified using respective sets of the following primers:
SF1 (1-240) with CMV SF-1-F and CMV SF-1 240-R (5�-CTA
CTCGAGTCACCGCAACACCAGGCTGTG); SF-1 (1-355)
with CMV SF-1-F and CMV SF-1 355-R (5�-CTACTCGAGT-
CAGTACGAGTTCACTACGCC); SF-1 (220-461) with CMV
SF-1 220-F (5�-CTAGAATTCAAATGCCCAACGTGCCT-
GAGCTC) and CMV SF-1-R; and SF-1 (90-461) with CMV SF-1
90-F (5�-CTAGAATTCAAATGGGTGGCCGGAACAAGTTT),
and CMV SF-1-R. PCR products were digested with EcoRI and
XhoI (Roche, Pleasanton, CA) and ligated to pCMV Myc or HA
vectors. For bacterial expression of SF-1 and FOXL2 proteins,
pCMV Myc-SF-1 and pCMV Myc-FOXL2 were digested with
EcoRI, blunt-ended using Klenow DNA polymerase (Roche), di-
gested with NotI or XhoI, respectively, and ligated into pET28a
(Novagen, San Diego, CA).

Production of FOXL2 antibodies
Polyclonal FOXL2 antibodies were raised and purified

against a synthetic human FOXL2 peptide (GRTVKEPEGPPP-
SPGKC) (AbFrontier, Seoul, Korea), and the antibody titer was
determined by the peptide-specific enzyme-linked immunosor-
bent assay.

Animals and rat granulosa cell isolation
Immature female Sprague Dawley rats (15–18 d old) were

purchased from Samtako (Osan, Korea), housed at CHA Uni-
versity animal facilities, and maintained in accordance with
guidelines provided and protocols approved by the Institutional
Animal Care and Use Committee of CHA University; 21-d-old
rats were injected sc with 20 mg of diethylstilbesterol daily for
3 d. Ovaries were isolated from diethylstilbesterol-treated 24-d-
old rats, placed in a Petri dish containing Leibovitz medium
(GIBCO, Gaithersburg, MD) and 0.1% BSA (Bovogen, Essen-
don, Australia), transferred to a new dish, and punctured with a
1-ml syringe needle (Kovax, Ansan, Korea). Granulosa cells
were collected by centrifugation (160 � g) for 3 min and washed
with McCoy medium (Welgene, Seoul, Korea).

Mammalian cell culture
The 293T and human granulosa KGN cells were cultured in

DMEM (Welgene) and DMEM/F12 medium (Welgene), respec-
tively. KGN cells were provided by Yoshihiro Nishi and Toshi-
hiko Yanase (Kyushu University, Fukuoka, Japan). Primary
granulosa cells were incubated in McCoy medium. All media con-
tained 10% fetal bovine serum (FBS) (PAA, Etobicoke, Canada)
and 1% penicillin-streptomycin (Welgene).

Immunoprecipitation and Western blot analysis
The 293T cells (3.0 � 106) were transfected with a total of 6 �g

of the respective plasmid DNA using Welfect-EX PLUS (Welgene)
in 100-mm dishes. Cell lysates were prepared with Nonidet P-40
(NP-40) lysis buffer (50 mM Tris-HCl, at pH 8.0; 0.15 M NaCl; and
1% NP-40) containing 10% protease inhibitor cocktail. The ly-
sates were centrifuged, and the supernatants were precleared with
normal IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and
protein G-agarose (Upstate, Charlottesville, VA) for 2 h at 4 C.
Precleared lysates were incubated with primary antibodies for 12 h
followed by incubation with protein G-agarose for an additional
1 h at 4 C. Immune complexes were centrifuged and washed three
times with NP-40 lysis buffer. For quantitative protein analysis, a
standard curve was established with a standard BSA solution
(Pierce, Rockford, IL), and equal amounts of total protein were
subjected to SDS-PAGE. After transferring the proteins to nitrocel-
lulose membranes, the membranes were blocked with 5% nonfat
milk. HA-tagged WT SF-1 and its mutant forms were detected with
an anti-HA monoclonal antibody, Myc-tagged WT FOXL2 and its
mutant proteins were detected with an anti-Myc monoclonal anti-
body, and Flag-tagged FOXL2 was detected with rabbit anti-Flag
antibodies. For the detection of endogenous FOXL2 and SF-1 pro-
teins in KGN cells (1.0 � 107), anti-FOXL2 or anti-SF-1 polyclonal
antibodies (Santa Cruz Biotechnology, Inc.) were used, respec-
tively. As loading controls, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and ß-actin were analyzed by Western blotting
with anti-GAPDH (AbFrontier) and anti-ß-actin (Santa Cruz Bio-
technology, Inc.), respectively. Membranes were stripped by incu-
bation in stripping buffer [100 mM mercaptoethanol; 2% sodium
dodecyl sulfate (SDS); and 62.5 mM Tris-HCl, at pH 6.8] at 50 C
for 30 min and were washed with PBS (137 mM NaCl; 2.7 mM KCl;
10 mM Na2HPO4; and 2 mM KH2PO4, at pH 7.4) containing
0.01% Tween 20 (PBS-T). Membranes were incubated with horse-
radish peroxidase-conjugated antimouse IgG secondary antibodies
(Santa Cruz Biotechnology, Inc.) at room temperature for 1 h, before
visualization with enhanced chemiluminescence (AbFron-
tier). Proteins were detected using the LAS Image program
(Fuji, Tokyo, Japan).

Quantification of mRNA
KGN cells (2.4 � 106) were transfected with a total of 6 �g of

the plasmids encoding FOXL2 and/or SF-1 and pcDNA3 empty
vector using a MicroPorator MP-100. Total RNA was extracted
from KGN cells using an Intron Total RNA Extraction kit (Intron,
Seungnam, Korea). The concentration and quality of RNA were
determined with a ND-1000 spectrophotometer (NanoDrop,
Waltham, MA). Reverse-transcription to cDNA was conducted
using the SuperScriptIII First-Strand Synthesis System kit (Invitro-
gen, Carlsbad, CA) and following the manufacturer’s instructions.
All cDNAs used in real-time PCR were normalized with GAPDH.
Quantitative real-time PCR was performed using a SYBR Green I
kit (QIAGEN, Hilden, Germany), using the housekeeping gene
GAPDH as a control. Real-time PCR was performed in a Rotor-
Gene 3000 (Corbett Research, Sydney, Australia), and gene
expression was quantified by the ��Ct method. Nucleotide
sequences of the primers were as follows: GAPDH-F (5�-AGCCAA-
AAGGGTCATCATCTCT), GAPDH-R (5�-AGGGGCCATCCA-
CAGTCTT), HSD3ß1-F (5�-CGGCCTCCGCCTTGATTCCA),
HSD3ß1-R (5�-ATGTGGCGGTTGAAGGGCGG), StAR-F (5�-
GGGGGAGGAGGCCATGCAGA), StAR-R (5�-GCCGGAA-
CACCTTGCCCACA), CYP11A1-F (5�-GGCAGGAGGGGTG-
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GACACGA), and CYP11A1-R (5�-GGCCATGTCTCCCT-
GGGCCT).

Luciferase assay
KGN cells (4 � 105) were transfected with 170 ng of the pCMV

�-galactosidase plasmid (CLONTECH), 300 ng of the CYP17-
responsive luciferase reporter, and plasmids encoding FOXL2
and/or SF-1 using a MicroPorator MP-100 (Digital Bio Technol-
ogy, Seoul, Korea). Cells were then incubated in 12-well plates
containing fresh DMEM/F12 medium for 24 h. For the reporter
assay using immature rat granulosa cells, cells (3 � 105) were
transfected with 50 ng of pCMV �-galactosidase, 250 ng of the
CYP17-responsive luciferase reporter, 125 ng of pcDNA3 SF-1,
and 125 ng of FOXL2 using Metafectene (Biontex, Martinsried,
Germany) following the manufacturer’s instructions. Cells were
then incubated in McCoy medium with 1% FBS and 1% penicillin-
streptomycin for 24 h. Cells were washed with PBS and lysed with
100 �l/well of Reporter Lysis buffer (Promega, Madison, WI).
Luciferase activity was measured using the Luciferase Assay Sys-
tem kit (Promega) and normalized to �-galactosidase activity. The
absorbance was measured with the PerkinElmer 1420 Multilabel
Counter (PerkinElmer, Waltham, MA).

Subcellular fractionation
The 293T cells (1 � 107) were transfected with 6 �g of plasmids

encoding FOXL2 and/or SF-1 using Welfect-EX PLUS in 100-mm
dishes for 24 h. After the cells were washed twice with cold PBS, the
cells were lysed with cytosolic extraction buffer A (10 mM HEPES,
at pH 7.9; 10 mM KCl; and 0.1 mM EDTA) containing 1 mM

dithiothreitol (DTT), 10% Igepal CA-630, and 10% protease in-
hibitor cocktail and incubated for 5 min at room temperature.
After centrifugation, the supernatants were separated from the pel-
lets, which were solubilized in nuclear lysis buffer B (20 mM

HEPES, at pH 7.9; 0.4 M NaCl; 1 mM EDTA; and 10% glycerol)
containing 1 mM DTT and protease inhibitor cocktail and centri-
fuged at 10,000 � g for 10 min at 4 C. Antibodies against �-actin
(Santa Cruz Biotechnology, Inc.) and histone H2B (Santa Cruz
Biotechnology, Inc.) were incubated with the cytosolic or nuclear
fractions, respectively.

Immunofluorescence analysis
The 293T cells (2 � 104) were seeded onto round cover slips in

24-well plates. After 24 h of incubation, 200 ng each of pcDNA3
Flag-SF-1 and pCMV Myc-FOXL2 WT and mutants were trans-
fected into the cells. At 18 h after transfection, cells were fixed with
4% paraformaldehyde for 15 min at room temperature. The fixed
cells were permeabilized with 0.2% Triton X-100 in PBS and then
incubated with 2% FBS in PBS for 1 h. Fixed cells were incubated
for 1 h with primary antibodies in PBS-T. Anti-Flag (1:100) and
anti-Myc (1:100) antibodies were used to detect the localization of
SF-1 and FOXL2, respectively. After washing three times with
PBS-T, the cells were counterstained with Alexa Fluor 546 goat
antimouse IgG (1:1000) (Invitrogen), Alexa Fluor 488 goat anti-
rabbit IgG (1:1000) (Invitrogen), and Hoechst 33342 (1:300) (In-
vitrogen) for 1 h. After additional washing with PBS-T, the stained
round glass cover slips were mounted on slides using mounting
solution. Fluorescence was detected using a Zeiss LSM 510 META
confocal microscope (Carl Zeiss, Göttingen, Deutschland).

Recombinant protein purification
His-tagged SF-1 and FOXL2 proteins were produced by induc-

tion of T7 RNA polymerase in Escherichia coli strain BL21(DE3)

containing pET28a-SF1 or pET28a-FOXL2, respectively. Cells
were cultured in Luria-Bertani medium containing 100 �g/ml
kanamycin and grown at 30 C until OD600 � 0.3 when 200 �M of
isopropyl �-D-thiogalactoside was added. The cells were harvested
after an additional hour of culture, then pelleted and resuspended
in lysis buffer containing 5 mM imidazole, and lysed with a French
press. The lysates were cleared by centrifugation (12,000 � g) for
20 min at 4 C to remove cell debris. SF-1 and FOXL2 proteins were
purified by affinity chromatography with Ni-NTA agarose (QIA-
GEN, Valencia, CA) on Econo-Pac columns (Bio-Rad, Hercules,
CA) and then eluted with an imidazole gradient (5–400 mM). The
buffer in the purified protein samples were replaced with storage
buffer [20 mM HEPES, at pH 7.9; 400 mM NaCl; 1 mM EDTA; 1.5
mM MgCl2; and 10% (vol/vol) glycerol] using Centricon YM-50
filter devices (Millipore, Bedford, MA).

EMSA
Double-stranded oligonucleotides of hCYP17 (�211/�204)

and hCYP19 (�136/�124), 5�-GGTGATCAACTGACCTC-
CCTTACCTAG-3� and 5�-TGAGACTCTACCAAGGTCA-
GAAATGCT-3�, respectively, were radiolabeled with [�-32P]ATP
(3000 Ci/mmol) using T4 polynucleotide kinase (10 U/�l) (Takaka
Bio, Otsu, Japan) at 37 C for 30 min. Approximately 20 fmol of
32P-labeled probes and 1 �g of the purified proteins were incubated
for 1 h at 30 C in a reaction mixture containing 250 mM NaCl; 50
mM Tris-Cl, pH 7.5; 5 mM MgCl2; 1 mM DTT; 50 �g/ml BSA; and
10% (vol/vol) glycerol. For the supershift assay, anti-SF-1 and anti-
His (Santa Cruz Biotechnology, Inc.) antibodies were added, and
the reactions were incubated for an additional hour on ice. The
reaction products were analyzed by electrophoresis on a 6% non-
denaturing polyacrylamide gel.

ChIP analysis
KGN cells (2 � 107) were electroporated with plasmids using a

MicroPorator MP-100, incubated in 100-mm dishes for 24 h, and
cross-linked with 1% formaldehyde for 10 min at room tempera-
ture. The reaction was terminated by the addition of glycine (final
concentration, 0.125 M) for 5 min at room temperature. Cells were
scraped in cold PBS containing protease inhibitor cocktail, col-
lected by centrifugation (5000 � g for 10 min at 4 C), and incu-
bated for 10 min on ice in SDS lysis buffer (50 mM Tris-HCl, at pH
8.1; 10 mM EDTA; and 1% SDS) containing protease inhibitor
cocktail. The lysates were then sonicated on ice to a mean length of
500-1000 bp and centrifuged at 12,000 � g at 4 C for 10 min. The
chromatin solution was diluted in buffer containing 0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH 8.1),
and 167 mM NaCl and then precleared with a protein G-agarose
and normal rabbit IgG slurry (Santa Cruz Biotechnology, Inc.) for
1 h at 4 C with rotation. Input samples were obtained followed by
immunoprecipitation with anti-SF-1, overnight at 4 C with rota-
tion. Immune complexes were collected using protein G-agarose
slurry for 1 h at 4 C with rotation and sequentially washed for 2
min each in low salt wash buffer [0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCl (pH 8.1), and 150 mM NaCl], high
salt wash buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris (pH 8.1), and 500 mM NaCl], LiCl wash buffer [0.25 M

LiCl, 1% Igepal CA-630, 1% deoxycholic acid, 1 mM EDTA, and
10 mM Tris-HCl (pH 8.1)], and two washes with Tris/EDTA buffer
[10 mM Tris-HCl (pH 8.0) and 1 mM EDTA (pH 8.0)]. Precipitates
were then extracted two times with elution buffer (1% SDS
and 0.1 M NaCO3). Eluates were pooled, and cross-linking was
reversed by incubation at 65 C overnight. Unbound proteins were
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digested with proteinase K (Promega) for 2 h at 45 C, and chro-
matin was purified using the DNA Clean-up kit (GeneAll Biotech-
nology, Seoul, Korea). DNA was amplified using a primer set
flanking the SF-1 binding motifs in the CYP17 promoter: sense
(5�-ATGGAGCAAGACTCTGAA-3�) and antisense (5�-TTCCA-
CAAGGCAAGAGAT-3�). Products were separated on agarose
gels containing ethidium bromide.

Statistical analysis
Multiple comparison analyses of values were performed with

the Student-Newman-Keul’s test (SAS, Cary, NC), and signifi-
cance of values was analyzed by compared with the controls was
determined with the Student’s t test.
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