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Differential apoptotic activities of wild-type FOXL2 and the adult-type

granulosa cell tumor-associated mutant FOXL2 (C134W)

J-H Kim1, S Yoon1, M Park1, H-O Park1, J-J Ko1, K Lee2 and J Bae1

1Department of Biomedical Science, College of Life Science, CHA University, Seongnam, Korea and 2Department of Life Science,
Chung-Ang University, Seoul, Korea

Some mutations in FOXL2 result in premature ovarian
failure accompanied by blepharophimosis, ptosis, epi-
canthus inversus syndrome type I disease, and FOXL2-
null mice exhibit developmental defects in granulosa cells.
Recently, FOXL2 c.402C4G, a new somatic mutation
that leads to a p.C134W change, was found in the
majority of adult-type ovarian granulosa cell tumors
(GCTs). In this study, we investigated the possible
mechanisms by which the C134W mutation contributes
to the development of GCTs. Wild-type (WT) and mutant
FOXL2 displayed differential apoptotic activities. Speci-
fically, WT FOXL2 induced significant granulosa cell
death, but the mutant exhibited minimal cell death. The
FOXL2-induced apoptotic response was greatly depen-
dent on caspase 8, BID and BAK because the depletion of
any of these three proteins inhibited FOXL2 from eliciting
the full apoptotic response. Activation of caspase 8 and
subsequent increased production of truncated BID, and
oligomerization of BAK, and release of cytochrome c were
all associated with the apoptosis induced by WT FOXL2
expression. In contrast, the mutant FOXL2 was unable to
elicit the full array of apoptotic signaling responses. In
addition, we found differential TNF-R1 (tumor necrosis
factor-receptor 1) and Fas (CD95/APO-1) upregulation
between the WT and the mutant, and the silencing of
TNF-R1 or Fas and the blockage of the death signaling
mediated by TNF-R1 or Fas using TNF-Fc or Fas-Fc,
respectively, resulted in significant attenuations of
FOXL2-induced apoptosis. Moreover, granulosa cells
that expressed either WT FOXL2 or mutant exhibited
distinct cell death sensitivities on activation of death
receptors and deprivation of serum. Thus, the differential
activities of FOXL2 and its mutant may partially account
for the pathophysiology of GCT development.
Oncogene (2011) 30, 1653–1663; doi:10.1038/onc.2010.541;
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Introduction

FOXL2 is a member of the forkhead (FH) domain
transcription factor family originally known to be
required for the proper development of the ovary and
eyelid. Mutations in FOXL2 cause blepharophimosis,
ptosis, epicanthus inversus syndrome (OMIM #110100),
and blepharophimosis, ptosis, epicanthus inversus syn-
drome type I is accompanied by premature ovarian
failure of the affected female (Crisponi et al., 2001).
FOXL2 is mainly expressed in undifferentiated granu-
losa cells, and blockage of ovarian follicle development
because of the failure of granulosa cell differentiation
was observed in FoxL2lacZ homozygous mutant mice
(Pisarska et al., 2004; Uda et al., 2004).

Ovarian granulosa cell tumors (GCTs) originate from
sex cord-stromal cells, but the pathogenesis and prog-
nostic factors of GCTs are largely unknown. GCTs are
rare tumors that affect 1 in 100 000 persons, but a
prominent characteristic of these tumors is their
propensity to recur (Schumer and Cannistra, 2003).
A recent whole-transcriptome paired-end RNA sequen-
cing study identified a recurrent missense point muta-
tion, 402C-G (C134W), in the FH domain of FOXL2
from ovarian GCTs, and 97% of adult-type GCTs
tested were found to possess the mutation (Shah et al.,
2009). This somatic FOXL2 mutation has not been
observed in other types of tumors, indicating a specific
role for FOXL2 in the tumorigenesis of adult-type
GCTs (Schrader et al., 2009). However, because it was
only recently determined that this mutation is highly
prevalent in GTC patients, there is currently no informa-
tion available regarding how the C134W amino acid
substitution in FOXL2 is associated with GTC formation.

We previously found that FOXL2 overexpression
induces apoptosis of ovarian cells, including rat
granulosa cells (Lee et al., 2005). The dysregulation of
cellular apoptotic processes is closely associated with
tumor development, and the mitochondria are the
central organelles that orchestrate apoptosis (Li et al.,
2004; Hail, 2005). The Bcl-2 family of proteins
comprises subfamilies of pro-survival and pro-apoptotic
members. These proteins are critical components of
diverse cellular apoptotic responses and regulate mito-
chondrial cell death activities (Dewson et al., 2008). BH3
domain-only proteins of the Bcl-2 family, also known as
death ligands, include BID, BIM and PUMA, which are
required for the activation of the BAK and BAX
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proteins through direct interaction (Jabbour et al.,
2009). BAK and BAX are two death effector molecules
that act at the mitochondrial outer membrane and
are responsible for dismantling mitochondria through
their oligomerization and the consequent release of
cytochrome c into the cytosol (Chipuk et al., 2006).

Caspase enzymes consist of initiator caspases (caspase
1, 2, 4, 5 and 8–12) and effector caspases (caspase 3, 6
and 7). These enzymes are present in pro-forms under
non-apoptotic conditions and are activated by cleavage
to have protease activities (Li and Yuan, 2008). Both the
mitochondrial intrinsic pathway and the death receptor-
mediated extrinsic pathway converge to activate cas-
pases. Death receptors are members of the tumor
necrosis factor (TNF) superfamily, and their activation
recruits adaptor proteins, such as FADD (Fas-
associated death domain) and TRADD (TNF-recep-
tor-associated death domain). The activation of death
receptors and subsequent FADD and TRADD recruit-
ment result in the autoactivation of caspase 8, which
then cleaves BID to truncated BID (tBID; that is, its
active form) and in turn activates BAK and/or BAX to
oligomerize at the mitochondrial membrane (Muzio
et al., 1996; Yin et al., 1999; Perez and White, 2000; Wei
et al., 2000; Guicciardi and Gores, 2009). Cytochrome
c released from the mitochondria aids in forming
multi-complexed apoptosomes and leads to caspase 9
activation and cleavage of the caspase 3 zymogen, which
is responsible for the proteolysis of its many substrates
(Li et al., 1997; Zou et al., 1999).

In this study, we hypothesized that the mutant
FOXL2 (C134W) may be defective in its ability to
induce granulosa cell death, leading to GCTs. We
investigated the differential apoptotic activities between
wild-type (WT) and mutant FOXL2 proteins, and we
also examined the molecular and cellular mechanisms by
which FOXL2 induces granulosa cell death.

Results

Differential apoptotic activities of WT FOXL2
and mutant FOXL2
To assess the effects of WT and mutant FOXL2 on cell
survival and death, we measured cell viability using flow
cytometry after the overexpression of the two FOXL2
proteins in KGN cells (Nishi et al., 2001) derived from
human GCTs. Overexpression of WT FOXL2 signifi-
cantly increased the number of Annexin V-positive
apoptotic cells, and overexpression of mutant FOXL2
clearly induced lower levels of cell death compared with
the WT protein (Figure 1a). Similarly, overexpression of
WT and mutant FOXL2 induced differential responses
in mouse Sertoli cells (TM4) that originated from the
same developmental lineage and that were a counterpart
to ovarian granulosa cells present in male testis
(Figure 1a). In the presence of the pan-caspase inhibitor
z-VAD-fmk, FOXL2 failed to induce cell death,
suggesting a caspase(s)-dependent death model
(Figure 1a).

Differential caspase activation and cytochrome c release
induced by WT and mutant FOXL2
As WT and mutant FOXL2 displayed disparate
apoptotic activities and the caspase inhibitor blocked
the apoptotic response, we assessed the activation of
caspase proteases. Western blot analyses confirmed that
cells expressing WT FOXL2 had significant cleavage of
caspases 8, 9 and 3, and cells expressing mutant FOXL2
displayed minimal caspase cleavage (Figure 1b). To
determine whether the differential effects of the two
FOXL2 proteins were related to their ability to
modulate the mitochondrial cell death pathway, we
analyzed cytochrome c release. Both WT and mutant
FOXL2 were primarily present in the heavy membrane
fraction, and efficient separation of the cytosolic and
heavy membrane fractions was determined by immuno-
blotting with anti-b actin and anti-Cox IV antibodies,
respectively. Cells overexpressing FOXL2 had signifi-
cantly increased release of cytochrome c into the
cytosolic fraction relative to cells transfected to the
empty vector, whereas cells overexpressing the mutant
FOXL2 released less cytochrome c (Figure 1c).

Enhanced tBID production as a mediator
of FOXL2-induced apoptosis
On death receptor activation, pro-caspase 8 is processed
to active caspase 8, which then cleaves BID to tBID and
further activates BAK and/or BAX at the outer
mitochondrial membrane (Wei et al., 2000). As we
found that the expression of FOXL2 promotes caspase 8
cleavage (Figure 1b), we determined whether the
C-terminal fragment of BID could be produced follow-
ing FOXL2 expression. As shown in Figure 2a, the
overexpression of FOXL2 increased BID cleavage in a
concentration-dependent manner, and the control cells
had no apparent tBID. In contrast, overexpression of
mutant FOXL2 resulted in much weaker formation of
tBID compared with that caused by WT FOXL2
(Figure 2a). As FOXL2 stimulated BID cleavage, we
generated BID-knockdown cells (Figure 2b) and deter-
mined the role of BID in FOXL2-induced apoptosis. In
BID-silenced cells, the apoptotic activity of WT FOXL2
was significantly reduced, and mutant FOXL2-mediated
cell death activity was also attenuated (Figure 2b). In
contrast, the silencing of BIM, another BH3-only death
ligand, did not affect the apoptosis-inducing capability
of either FOXL2 isoform (Figure 2b), suggesting a
specific action of BID in the mechanism of FOXL2-
mediated cell death.

Critical role of BAK in FOXL2-induced apoptosis
tBID (p15) translocates into the mitochondria, in which
it induces oligomerization of BAK and/or BAX (Wei
et al., 2000). Thus, we investigated whether the over-
expression of WT and mutant FOXL2 induces differ-
ential formation of BAK and/or BAX oligomers. The
formation of BAK dimers was readily detectable in cells
overexpressing WT FOXL2, but the formation of these
dimers was much weaker in cells overexpressing the
mutant (Figure 2c). In contrast, we detected no
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oligomerization of BAX in cells overexpressing either of
the FOXL2 proteins (Figure 2c), indicating that FOXL2
discriminates between the BAK and BAX proteins. As
positive controls, KGN cells were overexpressed with
either BAK or BAX, and we observed oligomer
formation of BAK or BAX (Figure 2c). Next, we
assessed the death response of bax�/�, bak�/� and bax�/�

bak�/� mouse embryo fibroblast cells. Overexpression of
WT FOXL2 induced significant cell death in the WT

mouse embryo fibroblast cells, but overexpression of
mutant FOXL2 induced a lower level of cell death
(Figure 2d), similar to what we observed in human
granulosa cells. These effects on cell death were not
altered in bax-deficient cells (Figure 2d). However, in the
bak�/� knockout and bax�/�bak�/� double-knockout cells,
overexpression of FOXL2 failed to induce any significant
cell death (Figure 2d), indicating that FOXL2-mediated
cell death requires the presence of Bak.
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Figure 1 Distinct apoptotic activities between WT and mutant (C134W) FOXL2. (a) For quantitative analysis of granulosa cell
apoptosis, KGN cells (1� 106) were transfected with 3 mg of pCMV Myc-empty vector, FOXL2 or FOXL2 C134W constructs (either
with or without 10 mM of z-VAD-fmk), and the cells were analyzed after 24 h. TM4 cells were transfected with 4mg of DNA constructs
followed by apoptosis analysis at 24 h post-transfection. Annexin V-positive apoptotic cells were detected by fluorescence-activated cell
sorting (FACS) analysis, and data (mean±s.e.m.) are presented as absolute percents of Annexin V-positive cells (left panel). Three
independent experiments were performed in triplicate, and statistically significant differences between groups are denoted by a–c
(Po0.05). The representative dot plots of KGN cells overexpressing the WT or mutant FOXL2 analyzed for apoptotic cells are shown
in the right panel. (b) KGN cells (2� 106) were transfected with DNA-encoding Myc-FOXL2 or FOXL2 C134W (6mg), and the cell
lysates were prepared after 24 h of transfection. Activation of the caspases was assessed by immunoblot analyses with anti-caspase 8,
caspase 9 and caspase 3 antibodies. The anti-FOXL2 antibody was used to detect both types of FOXL2. The same membrane was
stripped and analyzed for the detection of different caspases and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Equal
loadings of the lysates were confirmed by western blot analysis using an anti-GAPDH antibody. (c) Release of mitochondrial
cytochrome c into the cytosol was assessed in KGN cells transfected with each of the three plasmids. The cytosolic and heavy
membrane fractions were separated and analyzed by western blotting with appropriate antibodies. *A nonspecific band detected by the
anti-FOXL2 antibody.
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Involvement of caspase 8 in FOXL2-induced apoptosis
As we found that FOXL2 promotes the cleavage of
caspase 8 (Figure 1b) and BID (Figure 2a), we next
investigated whether FOXL2-induced apoptosis is de-
pendent on caspase 8-mediated BID activation. In the
presence of the caspase 8 inhibitor z-IETD-fmk (10 mM),
FOXL2-mediated tBID production was greatly dimin-
ished (Figure 3a). In addition, FOXL2-induced apop-
tosis was significantly attenuated in cells incubated with
z-IETD-fmk (Figure 3b). To further confirm the critical
role of caspase 8 in FOXL2-induced apoptotic events,
KGN cells were transfected with small interfering RNA
(siRNA) specific for caspase 8, and efficient knockdown
of caspase 8 was demonstrated by immunoblot analysis
(Figure 3c). In caspase 8-depleted cells, FOXL2-induced
tBID production was prominently hindered (Figure 3c).
Moreover, FOXL2-induced apoptosis was significantly
blocked in caspase 8-knockdown cells (Figure 3d).

Differential upregulation of death receptors by WT
and mutant FOXL2
As FOXL2-mediated cell death was found to be
dependent on caspase 8 and the mutant was found to
be a considerably weaker inducer of caspase 8 cleavage
than WT, we tested the possibility that overexpression
of WT and mutant FOXL2 leads to differential
transcriptional activities of caspase 8. A luciferase
reporter assay demonstrated that both types of FOXL2
proteins greatly stimulated caspase 8 promoter activa-
tion, and no significant difference in transcriptional
regulation was observed between the two FOXL2
proteins (Figure 4a). Thus, these results suggest that
the differential apoptotic activity between the two
FOXL2 proteins is not likely the result of distinct
transcriptional regulation of caspase 8. Therefore, we
next investigated whether WT and mutant FOXL2
differentially regulate the expression of death receptors,

Myc-FOXL2 WT: -

α-BID α-BIM

Myc-FOXL2 C134W: -

α-BID

α-tBID

α-GAPDH α-GAPDH

Empty 

WT
C134W

b b

α-Myc

α-GAPDH a

c

a

b b

a

c

BAK or BAX:

-

-

-

Myc-FOXL2 WT:

Myc-FOXL2 C134W:

%
 o

f A
nn

ex
in

 V
- 

po
si

tiv
e 

ce
lls

35

40

45

10

15

20

25

30

0

5

α-BAK
monomer

dimer36
28

(kDa)

trimer55

b

c

b

c

Empty

WT
C134W

α-BAK 28

α-BAX

α-BAX

monomer

dimer
36
28

28
17

M
em

b
ra

n
e 

fr
ac

ti
o

n

%
 o

f A
nn

ex
in

 V
- 

po
si

tiv
e 

ce
lls

a

c

a a
a a

a a

a

α-Myc

α-GAPDH

55
17

36

T
o

ta
l l

ys
at

e

25

30

35

5

10

15

20

0
Wild type bax -/-bak -/- bax -/- bak -/-

- -

- -

scramble siBID siBIM
+ - -

- + -

- - +

Figure 2 BAK dependence and BID involvement in FOXL2-induced cell death. (a) Cell lysates were prepared 24 h after transfection
of KGN cells (2� 106) with an empty vector (6 mg), Myc-FOXL2 (3 or 6 mg) or Myc-FOXL2 C134W (3 or 6 mg) plasmids. Expression of
the parent BID and production of its cleaved form were assessed by immunoblot analyses with respective BID antibodies. (b) KGN-
knockdown cells were prepared by transfection with scrambled sequences or siRNAs for BID or BIM, and reduced BID and BIM
expression was demonstrated by western blotting. Subsequently, the WT or mutant FOXL2 was overexpressed in the knockdown cells
for 24 h, and fluorescence-activated cell sorting (FACS) analysis was performed. Three independent experiments were performed in
triplicate, and data are expressed as the percentage (mean±s.e.m.) of Annexin V-positive cells. Statistically significant differences
between groups are denoted by different letters (Po0.05). (c) After the overexpression of WT or mutant FOXL2 proteins in KGN cells
(as described above), the heavy membrane fraction was obtained, and glutaraldehyde was used as a crosslinker for BAK or BAX. As a
positive control, cells were transfected with one-tenth the amount of the BAK- or BAX-coding plasmids. The formation of BAK or
BAX oligomers was determined by western blot analysis using the appropriate antibodies. (d) WT, bax�/�, bak�/� and bax�/�bak�/�

mouse embryo fibroblast (MEF) cells (1� 106) were transfected with 1 mg of empty vector, WT FOXL2 or mutant FOXL2, and cellular
FACS analysis was employed as described in a. Three independent experiments were performed in duplicate, and data are expressed as
the percentage (mean±s.e.m.) of Annexin V-positive cells.
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which may lead to greater activation of the caspase 8
that we observed (Figure 1b). Real-time PCR was
conducted using KGN cells transfected with either WT
or the mutant FOXL2. As shown in Figure 4b, cells
transfected with WT FOXL2 displayed a significant
increase in the transcription of TNF-R1 (TNF-receptor 1)
and Fas (CD95/APO-1), while cells transfected with the
mutant FOXL2 showed no statistically significant
increase in death receptors. To further determine the
differential upregulation of death receptor transcription
induced by overexpression of WT and mutant FOXL2,
we cloned the TNF-R1, Fas and TRAIL-R1 (TNF-
related apoptosis-inducing ligand receptor 1/death
receptor 4) promoters and performed reporter assays.
WT FOXL2-transfected KGN cells showed a significant
transactivation of death receptors including TNF-R1,
Fas and TRAIL-R1 compared with control cells
transfected with an empty vector (Figure 4c). In
contrast, mutant FOXL2 transactivated the promoters
of TNF-R1 and Fas to a lesser degree (Figure 4c). To
verify the WT FOXL2-mediated upregulation of TNF-
R1 and Fas, we performed western blot analyses and
confirmed the increased expression of both TNF-R1 and
Fas at the protein level (Figure 4d). Mutant FOXL2
showed compromised upregulation compared with WT
FOXL2 (Figure 4d). However, the levels of TRAIL
mRNA and protein were not significantly altered by
FOXL2 (Figures 4b and d), suggesting the selective
actions of TNF-R1 and Fas. The FH domain-deleted
(DFH) FOXL2 protein was unable to affect the

expression of the death receptors (Figure 4d), indicating
a critical role for the FH region in FOXL2-induced
apoptosis.

Implication of TNF-R1 and Fas signaling
in FOXL2-mediated apoptosis
As TNF-R1 and Fas were preferentially induced by WT
FOXL2 rather than the mutant, we assessed changes in
the apoptotic responses of the WT and mutant FOXL2 in
KGN cells in which each of the death receptors was
knocked down. As shown in Figure 5a, silencing either
TNF-R1 or Fas resulted in a significant attenuation of the
apoptosis induced by WT FOXL2 compared with
mutated FOXL2. In contrast, the depletion of TRAIL-
R1 did not significantly affect the apoptotic activities of
either WT or mutant FOXL2 (Figure 5a). To further
confirm the observation in Figure 5a, we employed death
receptor blockers of TNF or Fas in a subsequent
experiment. Treatment of KGN cells transfected with
WT FOXL2 with TNF-Fc (Enbrel; etanercept), a com-
petitive inhibitor of TNFa that prevents its association
with the TNF receptor, greatly prevented WT FOXL2-
induced death, although treatment of mutant-transfected
KGN cells resulted in less apoptosis blockage (Figure 5b).
In accordance, a similar response was observed in cells
incubated with Fas-Fc, a neutralizer of FasL (Figure 5b).
Thus, these results together suggest that the death
signaling of TNF-R1 and Fas are crucial components in
the mechanism of FOXL2-induced cell death.
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The FOXL2 mutant is defective in eliciting the cell death
response induced by some apoptotic stimulants
On the basis of the fact that the majority of FOXL2
mutations found in GCTs were heterozygotes of the
402C FOXL2 and 402G FOXL2 alleles (Shah et al.,
2009), we attempted to test the possibility that the
mutant may behave as a dominant-negative mutation.
As KGN cells are also heterozygous for FOXL2
(Benayoun et al., 2010), FOXL2 was first knocked
down using siRNA targeting of the 30 untranslated
region to avoid any compounding effects of being
heterozygotic, and its efficient depletion was confirmed
by immunoblot analysis using an anti-FOXL2 antibody
(Figure 5c). Subsequently, the knocked-down cells were
transfected with increasing amounts (1, 2 and 3 mg) of
either WT- or mutated-FOXL2-coding plasmids, and
changes in cellular apoptosis were assessed. As shown in
Figure 5c, WT FOXL2 transfection increased apoptosis
of FOXL2-silenced cells significantly compared with the
scrambled control cells transfected with WT. In
contrast, transfection of the mutant FOXL2 led to
decreased apoptosis of FOXL2-silenced cells relative
to the scrambled control overexpressed with the mutant

(Figure 5c). Moreover, co-expression of WT and mutant
FOXL2 resulted in a reduction of the apoptotic activity
elicited by WT FOXL2 (Figure 5c). Thus, these results
imply that mutant FOXL2 may act to inhibit the cell
death activity of WT, but more information is required
to conclude. In addition, the overexpression of DFH did
not induce any cell death (Figure 5c), suggesting a
critical role for the FH domain in the apoptotic activity
of FOXL2.

To further investigate the possible role of mutant
FOXL2 in mediating apoptotic signals, we overex-
pressed either WT or mutant FOXL2 in FOXL2-
knocked-down KGN cells and then incubated these
cells with increasing concentrations of death receptors
ligands. We chose concentrations of the ligands at which
no obvious cell death was detected after exposure to any
individual ligand. Treatment of WT FOXL2-transfected
KGN cells with increasing amounts of TNFa (15 and
30 ng/ml) further augmented apoptosis in a concentra-
tion-dependent manner, whereas mutant FOXL2-trans-
fected cells failed to potentiate the apoptotic response
elicited by TNFa (Figure 5d). We observed a similar
trend in cells overexpressing either WT or mutant
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FOXL2 that were incubated with CH-11, a Fas-acti-
vating antibody (30 and 60 ng/ml) (Figure 5d). In
contrast, WT FOXL2 failed to potentiate the cell death
response induced by TRAIL (Figure 5d). Furthermore,
WT FOXL2 significantly augmented the cell death effect
by serum deprivation, while mutant FOXL2 was unable
to induce the same effect and even showed attenuated
apoptosis compared with the FOXL2 mutant-transfected
control without any apoptotic stimulation (Figure 5d).

Discussion

The recently identified recurrent 402C-G point muta-
tion in FOXL2 has emerged as a plausible pathogenic
factor for GCTs (Shah et al., 2009). On the basis of our

previous study demonstrating the induction of death in
rat granulosa cells after FOXL2 expression (Lee et al.,
2005), we determined the cell death activity of mutant
FOXL2 in human GCT-derived cells relative to that of
WT FOXL2, and we found significant differences
between the WT and the mutant proteins in their
abilities to induced granulosa cell death. The ectopic
expression of FOXL2 stimulated the cleavage of BID
(Figure 2a), oligomerization of BAK (Figure 2c) and
release of cytochrome c into the cytosol (Figure 1c),
indicating that FOXL2 initiates a mitochondria-
mediated apoptotic cell death mechanism involving the
Bcl-2 family. In contrast, mutant FOXL2 exhibited
minimal effects according to a battery of cell death
assays, revealing that the mutant is a much weaker
inducer of cell death than WT FOXL2.

α-TNF-R1

α-GAPDH

TRAIL-R1 siRNA:

α-GAPDH

α-Fas

α-GAPDH

α-TRAIL-R1

Empty 
WT
C134W

b
b

c b
c

b
b

b
c

c

b

c

b

b

c

b

Empty 
WT
C134W

a
a

a a

40

45

20

25

30

35

0

5

10

15

%
 o

f A
nn

ex
in

 V
- 

po
si

tiv
e 

ce
lls

a
a

a

b
a

a a

a

45

25

30

35

40

0

5

10

15

20

%
 o

f A
nn

ex
in

 V
- 

po
si

tiv
e 

ce
lls

control
TNF -Fc

Empty
WTb

scramble siTNF-R1 siFas siTRAIL-R1

scramble

FOXL2 siRNA:

** C134W

b

c

b

c
c

b

c

b

c

b

c

b

c

b
siFOXL2
siFOXL2  + C134W
Δ FH

α-FOXL2

α-GAPDH
 

%
 o

f A
nn

ex
in

 V
- 

po
si

tiv
e 

ce
lls

a a a
a

a a a a
c

%
 o

f A
nn

ex
in

 V
- 

po
si

tiv
e 

ce
lls

*

*
*

* *

60

30

40

50

10

20

0
control

TNFα CH-11 TRAIL
- SERUM 

44

29

34

39

14

19

24

9
(μg)

- + - + - +

Fas-Fc

- +

0 1 2 3 0 1 2 3

C134WWT

TNF-R1 siRNA: Fas siRNA:

Figure 5 Involvement of TNF-R1 and Fas in FOXL2-mediated apoptosis and the defective role of C134W FOXL2 in mediating the
death signals of these death receptors. (a) Reduced expression of death receptors in KGN cells after transfection of specific siRNA was
shown by western blot analysis using appropriate antibodies (upper panel). At 6 h after transfection with siRNA, the cells were further
transfected with 3 mg of either WT FOXL2- or C134W FOXL2-encoding plasmids and incubated for an additional 18 h. Annexin V-
positive apoptotic cells were detected by fluorescence-activated cell sorting (FACS) analysis, and the data (mean±s.e.m.) are from
three independent experiments conducted in triplicate. (b) KGN cells were transfected with 3 mg of either plasmids encoding WT
FOXL2 or C134W FOXL2, and the cells were incubated with 0.4 and 4mg/ml of TNF-R1 or Fas blocking agents, TNF-Fc or Fas-Fc,
respectively, for 24 h. Data analysis was identical to that described for a. (c) Endogenous expression of both WT FOXL2 and C134W
FOXL2 was reduced by transfection with siRNA oligonucleotides specific for FOXL2, and the reduction in expression was confirmed
by immunoblot analysis. At 6 h after transfection with siRNA, the FOXL2-depleted KGN cells were additionally transfected with
plasmids encoding WT FOXL2 or mutant (0, 1, 2 or 3mg) in which 3mg of empty vector was used for 0mg. For co-transfection of WT
and mutant FOXL2, 1mg of the mutant DNA was used. The KGN cells were also transfected with 3mg of DFH FOXL2. The cells were
analyzed at 18 h post-transfection of DNAs. Annexin V-positive apoptotic cells were detected by FACS analysis, and data
(mean±s.e.m.) are from three independent experiments conducted in duplicate. *Significant values compared with the scrambled
control KGN cells overexpressed with respective amounts of either WT or mutant (*Po0.05; **Po0.005). (d) The FOXL2-depleted
KGN cells were transfected with either WT FOXL2- or C134W FOXL2-encoding plasmids, and the cells were further incubated with
TNFa (15 and 30 ng/ml), CH-11 (30 and 60 ng/ml) or TRAIL (50 and 100ng/ml) for 18 h. For the serum deprivation experiment,
media was displaced with serum-free media 6 h after transfection, and the cells were cultured for an additional 18 h before harvesting.
Data analysis was identical to that described for a.
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To address how FOXL2 stimulates granulosa cell
apoptosis and how the WT and mutant FOXL2 proteins
exhibit differential apoptosis-related activities, we in-
vestigated the underlying molecular and cellular me-
chanisms of the FOXL2 signaling network. On the basis
of our current data, caspase 8 is likely to have an
important role in FOXL2-dependent apoptotic events
because FOXL2 stimulated the activation of caspase 8.
Further, FOXL-2-induced apoptosis was significantly
compromised when caspase 8 was either inhibited or
depleted from the granulosa cells (Figure 3). In sharp
contrast, a minimal amount of activated caspase 8 was
produced by the mutant FOXL2 compared with WT
(Figures 1b, 3a and c). This differential caspase 8
cleavage by WT and variant FOXL2 likely did not result
from disparate transcriptional regulation of the caspase
8 gene because both proteins transactivated caspase 8 to
comparable levels (Figure 4a). Thus, the distinctive
abilities of WT and mutant FOXL2 to cleave pro-
caspase 8 per se to its active form seem to be more
accounted for in its distinctive apoptotic activities. It is
not clear why the upregulation of caspase 8 protein was
not readily observable despite increases in FOXL2
transcript levels. As FOXL2 stimulated cleavage of
caspase 8, it may possible that the upregulated caspase 8
protein level is not readily detectable. At the same time,
we cannot exclude a possibility that the transcriptional
activation of caspase 8 induced by FOXL2 does not lead
to its stimulated translation.

In the absence of an activation signal, caspase 8 exists
as the inactive pro-caspase 8. Following the activation
of death receptors, such as TNF-R1, Fas and TRAIL-
R1, pro-caspase 8 is then autoactivated on recruitment
to form death-inducing signaling complexes (Muzio,
1998; Chang et al., 2002). Both real-time PCR and

western blot analyses demonstrated that WT FOXL2
significantly upregulated death receptors, especially
TNF-R1 and Fas, whereas mutant FOXL2 showed
marginal effects (Figures 4b and d). Thus, the upregula-
tion of death receptors by WT FOXL2 would be
expected to augment death-inducing signaling complex
recruitment and subsequent cleavage of caspases. How-
ever, because it is a transcription factor, FOXL2 may
also have other unidentified target genes that have a role
in the apoptotic signaling of FOXL2, and additional
studies are needed to address this possibility. The
cysteine-134 residue is located on the surface of the
FH domain involved in DNA binding, and thus, it is
reasonable to assume that WT and mutant FOXL2 may
exhibit disparate transcriptional activities toward their
targets. Such an effect may contribute to the differential
apoptotic responses and tumorigenesis observed for the
two FOXL2 isoforms.

Dysregulation of apoptosis contributes to cancer
development and chemo-resistance. As a major compo-
nent of the extrinsic apoptosis signaling machinery, the
death receptor family has an important role in main-
taining homeostasis, and death receptor dysfunctions
have been observed in various cancer types (Kang et al.,
2003; Guicciardi and Gores, 2009; Mahmood and
Shukla, 2010). The activation of death receptors on
binding their cognate ligands initiates cytotoxic and
non-cytotoxic signaling cascades (Guicciardi and Gores,
2009). The death receptors and their ligands are also
targets for the development of various cancer therapeu-
tics (Green and Kroemer, 2005; Mahmood and Shukla,
2010). In this report, we found that granulosa cells
expressing WT or variant FOXL2 displayed distinct
responses to the activation of death receptors, including
TNF-R1 and Fas. Cells expressing WT FOXL2 showed
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significantly enhanced susceptibility to death receptor
signaling and serum deprivation, whereas cells expres-
sing the mutant FOXL2 were resistant to death ligand-
induced apoptosis (Figure 4d). Moreover, mutant FOXL2
seemed to behave as an inhibitory mutant because
co-transfection with both the WT and mutant resulted
in hindered apoptotic activity of the WT protein
(Figure 5c). Together, these differential sensitivities
may help to explain why the mutation of FOXL2
(C134W) in granulosa cells is associated with the
development of granulosa tumors.

FOXO3a (also known as FKHRL1), another member
of the FH family, induces the apoptosis of various cells.
Activation of FOXO3a promotes cytochrome c release
and caspase-mediated cell death by induction of
TRAIL, BIM and NOXA in neuroblastoma cells
(Obexer et al., 2007). FOXO family members, including
FOXO3a, are known tumor suppressors implicated in
various cancers (Paik et al., 2007; Kornblau et al., 2010;
Naka et al., 2010). Therefore, FOXL2 and FOXO3a
seem to utilize common and distinctive signaling path-
ways to control cellular apoptosis. The present report
provides insight into how FOXL2 induces cell death, as
summarized in Figure 6, whereby the TNF-R1, Fas,
caspase 8, BID and BAK proteins seem to be critical
and serve as specific apoptotic components of the
FOXL2 response.

In summary, this study is the first to report the
differential apoptotic activities between WT and mutant
FOXL2. As the FOXL2 mutation is extremely well
conserved in most cases of adult-type GCTs and is also
GCT-specific over other types of ovarian tumors
(Schrader et al., 2009; Shah et al., 2009; Kim et al.,
2010), WT FOXL2 may function as a tumor suppressor
in normal granulosa cells by efficiently modulating both
extrinsic and intrinsic apoptosis signaling pathways. In
addition, the disparate apoptotic activities of the two
proteins may at least partially account for the patho-
physiology of GCT development that occurs by somatic
mutation (C134W) of FOXL2.

Materials and methods

Chemicals
All chemicals used in this study were purchased from Sigma (St
Louis, MO, USA) unless otherwise indicated. Embrel was
obtained from Wyeth Korea (Seoul, Korea), and Fas-Fc was
purchased from BD Biosciences (Franklin Lakes, NJ, USA).

Plasmid constructions
The Myc-tagged WT FOXL2- and DFH FOXL2-encoding
plasmids were cloned as previously described (Park et al.,
2010). The mutant FOXL2 C134W construct was produced
using a recombinant PCR technique using the following
primers (Bioneer, Daejeon, Korea): FOXL2-F (50-CTAGAAT
TCAAATGATGGCCAGCTACCCC-30), FOXL2 C134W-F
(50-GCCTGGGAAGACATGTTCGA-30), FOXL2 C134W-R
(50-ATGTCTTCCCAGGCCGGGTC-30) and FOXL2-R (50-CT
ACTCGAGTCAGAGATCGAGGCGCGAATG-30). The PCR
products were digested with EcoRI and XhoI (Enzynomics,
Daejeon, Korea) and ligated into the pCMV-Myc (Clontech,

Mountain View, CA, USA). The human promoters were
produced by PCR amplification from human genomic
DNA using the caspase 8 primers 50-ACGACGCGTATGAG
CCGAGGAAGGCACTGA-30 and 50-CTACTCGAGACCA
AAAACTCAGAGCACATG-30, the TNF-R1 primers 50-AC
GACGCGTTGTACCAAGAAGATAGTTGGG-30 and 50-CT
ACTCGAGTGCCAGACAGCTATGGCCTCT-30, the Fas
primers 50-ACGACGCGTCCAAGTTGCTGAATCAATGG
AAGC-30 and 50-CTAAGATCTTGGTTGTTGAGCAATCC
TCCG-30, the TRAIL-R1 primers 50-ACGACGCGTATAGT
AACAAAAATAGTTAGA-30 and 50-CTAAGATCTTCCTG
ACAGGTCAATCCAAGA-30. The PCR products were
digested with MluI and XhoI or BglII (Dakara, Otsu, Japan)
and ligated into the pGL3 basic vector (Promega, Madison,
WI, USA).

Mammalian cell culture
Human granulosa cell-derived KGN cells were cultured in
Dulbecco’s modified Eagle’s medium/F12 (Welgene, Seoul,
Korea). Mouse embryo fibroblasts were a generous gift from
Dr CB Thompson (University of Pennsylvania), and mouse
Sertoli TM4 cells (Korean Cell Line Bank, Seoul, Korea) were
cultured in Dulbecco’s modified Eagle’s medium (Welgene).
All media contained 10% fetal bovine serum (PAA, Etobicoke,
Canada) and 1% penicillin-streptomycin (Welgene).

Transfection of cells
One or two million KGN cells were resuspended in Resuspen-
sion R Buffer (Digital Bio Technology, Seoul, Korea),
electroporated with 3 or 6 mg of plasmid DNA, respectively,
using a MicroPorator MP-100 (Digital Bio Technology), and
incubated on plates containing fresh media unless otherwise
indicated. For the electroporation of TM4 (1� 106) and mouse
embryo fibroblast (1� 106) cells, 4 and 1mg of DNA constructs
were used, respectively.

RNA interference
Endogenous FOXL2 was silenced using specific oligonucleo-
tides (Bioneer): 50-GCUCCUGUCGCUCCUCUUU-30 and
50-AAAGAGGAGCGACAGGAGC-30. For knockdown of
caspase 8, the siRNAs 50-CAGCCAGUGCCAGACACAGU
CUGUA-30 and 50-UACAGACUGUGUCUGGCACUGGC
UG-30 were synthesized. The sense and antisense sequences of
siRNAs used to target BID or BIM were 50-GGGAUGAGU
GCAUCACAAA-30 and 50-UUGUGAUGCACUCAUCC
C-30 or 50-CUACCUCCCUACAGACAGA-30 and 50-UCUG
UCUGUAGGGAGGUAG-30, respectively. Endogenous death
receptors were silenced using the following siRNAs: 50-GCU
GUGGACUUUUGUACAU-30 and 50-AUGUACAAAAGU
CCACAGC-30 for TNF-R1; 50-GAGAGUAUUACUAGAG
CUU-30 and 50-AAGCUCUAGUAAUACUCUC-30 for Fas;
and 50-CUGGAAAGUUCAUCUACUU-30 and 50-AAGUA
GAUGAACUUUCCAG-30 for TRAIL-R1. The oligonucleo-
tide sequences of scrambled siRNAs were 50-CCUACGCC
ACCAAUUUCGU-30 and 50-ACGAAAUUGGUGGCGUA
GG-30. The sense and antisense oligonucleotides were annealed
in the presence of Annealing Buffer (Bioneer). KGN cells were
transfected with the appropriate siRNAs, and knockdown
was assessed by western blotting approximately 24 h after
transfection.

Flow cytometry analysis of Annexin V-positive cells
To detect apoptotic cells, KGN cells were stained with
fluorescein isothiocyanate-conjugated Annexin-V using ApoS-
can (BioBud, Seoul, Korea) at 24 h post-transfection. Then,
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the cells were analyzed by flow cytometry using a FACSCa-
libur flow cytometer (BD Biosciences). Data are expressed as
the absolute percent of Annexin V-positive cells that were
either propidium iodide-positive or negative.

Western blot analysis
Cell lysates were prepared 24 h after transfection, subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Amersham,
Little Chalfont, Buckinghamshire, UK). Polyclonal FOXL2
antibodies were raised as previously reported (Park et al., 2010).
Antibodies purchased include anti-caspase 9 (Cell Signaling,
Danvers, MA, USA), anti-caspase 8 (Cell Signaling), anti-
caspase 3 (Cell Signaling), anti-BID (Cell Signaling), anti-tBID
(Invitrogen, Carlsbad, CA, USA), anti-BAK (Calbiochem,
Gibbstown, NJ, USA), anti-BAX (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-TNF-R1 (Santa Cruz), CH-11
(MBL, Woburn, MA, USA), anti-TRAIL-R1 (Santa Cruz),
anti-b-actin (Santa Cruz), anti-cytochrome c (Santa Cruz),
anti-COX IV (Invitrogen) and anti-glyceraldehyde 3-phosphate
dehydrogenase (AbFrontier, Seoul, Korea).

Cytochrome c release
Digitonin-based cytochrome c release assays were performed
(Arnoult, 2008). Briefly, KGN cells were harvested and
resuspended in cytosolic extraction buffer (250mM sucrose,
70mM KCl, 137mM NaCl, 4.3mM Na2HPO4 and 1.4mM

KH2PO4, at pH 7.2) containing 300 mg/ml digitonin and 10%
protein inhibitor cocktail (Sigma), and the cells were incubated
for 5min on ice. After centrifugation at 2000 g for 5min, the
pellets were solubilized in mitochondrial lysis buffer (50mM

Tris at pH 7.4, 150mM NaCl, 2mM EDTA, 2mM ethylenegly-
col tetraacetic acid, 0.2% Triton-X 100 and 0.3% NP-40)
containing 10% protease inhibitor cocktail. Following cen-
trifugation at 10 000 g for 10min at 4 1C, the fractions were
analyzed by western blotting.

BAK and BAX oligomerization
The digitonin permeabilization method (Ganju and Eastman,
2003) was employed. KGN cells were harvested, and a 5%
glutaraldehyde solution was added to a final concentration of
0.3%. The samples were then incubated for 30min at room
temperature, and the reaction was quenched by the addition of
Laemmli sample buffer supplemented with 10% b-mercap-
toethanol. Oligomers were detected by immunoblotting.

Reverse transcription and real-time PCR analysis
Reverse transcription of total RNA and subsequent real-time
PCR were conducted as previously reported (Park et al., 2010)
after transfection of KGN cells (1� 106) with 3mg of either
WT or mutant FOXL2 DNA. Quantification of transcripts
was normalized to 18s ribosomal RNA. The nucleotide
sequences of the primers used are as follows: 18s ribosomal
RNA, 50-TACCTACCTGGTTGATCCTG-30 and 50-GGGTT
GGTTTTGATCTGATA-30; TNF-R1, 50-CCAAATGGGGG
AGTGAGAGG-30 and 50-AAAGGCAAAGACCAAAGAA
AATGA-30; Fas, 50-TGAAGGACATGGCTTAGAAGTG-30

and 50-GGTGCAAGGGTCACAGTGTT-30; and TRAIL-R1,
50-GCGCAGCGAGTGGGACAGAG-30 and 50-GGCACTG
GGTCCGTGCTGTC-30.

Luciferase assay
KGN cells (4� 105) were transfected with 170 ng of pCMV
b-galactosidase plasmid (Clontech), 300 ng of TNF-R1-, Fas-
and TRAIL-R1-responsive luciferase reporter constructs, and
300 ng of plasmids encoding WT or mutant FOXL2. At 12 h
after transfection, the cells were harvested, and their luciferase
activities were measured using the Luciferase Assay System
Kit (Promega). Data were normalized to the b-galactosidase
activities. The absorbance was measured using a Perkin-Elmer
1420 Multilabel Counter (PerkinElmer, Waltham, MA, USA).

Statistical analyses
Multiple comparison analyses of values were performed using
the Student–Newman–Keuls test and Tukey’s test, and the
Student’s t-test was conducted for paired data (SAS version
8.0, Cary, NC, USA).

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported by the Basic Science Research
Program (2009-0066320) and the Priority Research Centers
Program (2009-0093821) through the National Research
Foundation of Korea (NRF) of the Ministry of Education,
Science and Technology and by a grant (A084923) from the
Korea Healthcare Technology R&D Project from the Ministry
of Health, Welfare and Family Affairs.

References

Arnoult D. (2008). Apoptosis-associated mitochondrial outer mem-
brane permeabilization assays. Methods 44: 229–234.

Benayoun BA, Caburet S, Dipietromaria A, Georges A, D’Haene B,
Pandaranayaka PJ et al. (2010). Functional exploration of the adult
ovarian granulosa cell tumor-associated somatic FOXL2 mutation
p.Cys134Trp (c.402C4G). PLoS One 5: e8789.

Chang DW, Xing Z, Pan Y, Algeciras-Schimnich A, Barnhart BC,
Yaish-Ohad S et al. (2002). c-FLIP(L) is a dual function regulator
for caspase-8 activation and CD95-mediated apoptosis. EMBO J

21: 3704–3714.
Chipuk JE, Bouchier-Hayes L, Green DR. (2006). Mitochondrial

outer membrane permeabilization during apoptosis: the innocent
bystander scenario. Cell Death Differ 13: 1396–1402.

Crisponi L, Deiana M, Loi A, Chiappe F, Uda M, Amati P et al.
(2001). The putative forkhead transcription factor FOXL2 is

mutated in blepharophimosis/ptosis/epicanthus inversus syndrome.
Nat Genet 27: 159–166.

Dewson G, Kratina T, Sim HW, Puthalakath H, Adams JM,
Colman PM et al. (2008). To trigger apoptosis, Bak exposes its
BH3 domain and homodimerizes via BH3:groove interactions. Mol

Cell 30: 369–380.
Ganju N, Eastman A. (2003). Zinc inhibits Bax and Bak activation and

cytochrome c release induced by chemical inducers of apoptosis but not
by death-receptor-initiated pathways. Cell Death Differ 10: 652–661.

Green DR, Kroemer G. (2005). Pharmacological manipulation of cell
death: clinical applications in sight? J Clin Invest 115: 2610–2617.

Guicciardi ME, Gores GJ. (2009). Life and death by death receptors.
FASEB J 23: 1625–1637.

Hail Jr N. (2005). Mitochondria: a novel target for the chemopreven-
tion of cancer. Apoptosis 10: 687–705.

Distinct apoptotic activities of FOXL2 and its mutant
J-H Kim et al

1662

Oncogene



Jabbour AM, Heraud JE, Daunt CP, Kaufmann T, Sandow J,
O’Reilly LA et al. (2009). Puma indirectly activates Bax to cause
apoptosis in the absence of Bid or Bim. Cell Death Differ 16: 555–563.

Kang BP, Frencher S, Reddy V, Kessler A, Malhotra A, Meggs LG.
(2003). High glucose promotes mesangial cell apoptosis by oxidant-
dependent mechanism. Am J Physiol Renal Physiol 284: F455–F466.

Kim MS, Hur SY, Yoo NJ, Lee SH. (2010). Mutational analysis of
FOXL2 codon 134 in granulosa cell tumour of ovary and other
human cancers. J Pathol 221: 147–152.

Kornblau SM, Singh N, Qiu Y, Chen W, Zhang N, Coombes KR.
(2010). Highly phosphorylated FOXO3A is an adverse prognostic
factor in acute myeloid leukemia. Clin Cancer Res 16: 1865–1874.

Lee K, Pisarska MD, Ko JJ, Kang Y, Yoon S, Ryou SM et al. (2005).
Transcriptional factor FOXL2 interacts with DP103 and induces
apoptosis. Biochem Biophys Res Commun 336: 876–881.

Li J, Yuan J. (2008). Caspases in apoptosis and beyond. Oncogene 27:
6194–6206.

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri
ES et al. (1997). Cytochrome c and dATP-dependent formation of
Apaf-1/caspase-9 complex initiates an apoptotic protease cascade.
Cell 91: 479–489.

Li P, Nijhawan D, Wang X. (2004). Mitochondrial activation of
apoptosis. Cell 116: S57–S59.

Mahmood Z, Shukla Y. (2010). Death receptors: targets for cancer
therapy. Exp Cell Res 316: 887–899.

Muzio M. (1998). Signalling by proteolysis: death receptors induce
apoptosis. Int J Clin Lab Res 28: 141–147.

Muzio M, Chinnaiyan AM, Kischkel FC, O’Rourke K, Shevchenko
A, Ni J et al. (1996). FLICE, a novel FADD-homologous ICE/
CED-3-like protease, is recruited to the CD95 (Fas/APO-1) death-
inducing signaling complex. Cell 85: 817–827.

Naka K, Hoshii T, Muraguchi T, Tadokoro Y, Ooshio T, Kondo Y
et al. (2010). TGF-beta-FOXO signalling maintains leukaemia-
initiating cells in chronic myeloid leukaemia. Nature 463: 676–680.

Nishi Y, Yanase T, Mu Y, Oba K, Ichino I, Saito M et al. (2001).
Establishment and characterization of a steroidogenic human
granulosa-like tumor cell line, KGN, that expresses functional
follicle-stimulating hormone receptor. Endocrinology 142: 437–445.

Obexer P, Geiger K, Ambros PF, Meister B, Ausserlechner MJ. (2007).
FKHRL1-mediated expression of Noxa and Bim induces apoptosis
via the mitochondria in neuroblastoma cells. Cell Death Differ 14:
534–547.

Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z et al. (2007).
FoxOs are lineage-restricted redundant tumor suppressors and
regulate endothelial cell homeostasis. Cell 128: 309–323.

Park M, Shin E, Won M, Kim JH, Go H, Kim HL et al. (2010).
FOXL2 interacts with steroidogenic factor-1 (SF-1) and
represses SF-1-induced CYP17 transcription in granulosa cells.
Mol Endocrinol 24: 1024–1036.

Perez D, White E. (2000). TNF-alpha signals apoptosis through a bid-
dependent conformational change in Bax that is inhibited by E1B
19K. Mol Cell 6: 53–63.

Pisarska MD, Bae J, Klein C, Hsueh AJ. (2004). Forkhead l2 is
expressed in the ovary and represses the promoter activity of the
steroidogenic acute regulatory gene. Endocrinology 145: 3424–3433.

Schrader KA, Gorbatcheva B, Senz J, Heravi-Moussavi A, Melnyk N,
Salamanca C et al. (2009). The specificity of the FOXL2 c.402C4G
somatic mutation: a survey of solid tumors. PLoS One 4: e7988.

Schumer ST, Cannistra SA. (2003). Granulosa cell tumor of the ovary.
J Clin Oncol 21: 1180–1189.

Shah SP, Kobel M, Senz J, Morin RD, Clarke BA, Wiegand KC et al.
(2009). Mutation of FOXL2 in granulosa-cell tumors of the ovary.
N Engl J Med 360: 2719–2729.

Uda M, Ottolenghi C, Crisponi L, Garcia JE, Deiana M, Kimber W
et al. (2004). Foxl2 disruption causes mouse ovarian failure by
pervasive blockage of follicle development. Hum Mol Genet 13:
1171–1181.

Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, Ashiya M et al.
(2000). tBID, a membrane-targeted death ligand, oligomerizes BAK
to release cytochrome c. Genes Dev 14: 2060–2071.

Yin XM, Wang K, Gross A, Zhao Y, Zinkel S, Klocke B et al. (1999).
Bid-deficient mice are resistant to Fas-induced hepatocellular
apoptosis. Nature 400: 886–891.

Zou H, Li Y, Liu X, Wang X. (1999). An APAF-1.cytochrome c
multimeric complex is a functional apoptosome that activates
procaspase-9. J Biol Chem 274: 11549–11556.

Distinct apoptotic activities of FOXL2 and its mutant
J-H Kim et al

1663

Oncogene


	Differential apoptotic activities of wild-type FOXL2 and the adult-type granulosa cell tumor-associated mutant FOXL2 (C134W)
	Introduction
	Results
	Differential apoptotic activities of WT FOXL2 and mutant FOXL2
	Differential caspase activation and cytochrome c release induced by WT and mutant FOXL2
	Enhanced tBID production as a mediator of FOXL2-induced apoptosis
	Critical role of BAK in FOXL2-induced apoptosis

	Figure 1 Distinct apoptotic activities between WT and mutant (C134W) FOXL2.
	Involvement of caspase 8 in FOXL2-induced apoptosis
	Differential upregulation of death receptors by WT and mutant FOXL2

	Figure 2 BAK dependence and BID involvement in FOXL2-induced cell death.
	Implication of TNF-R1 and Fas signaling in FOXL2-mediated apoptosis

	Figure 3 Critical roles of caspase 8 in FOXL2-mediated apoptotic responses.
	The FOXL2 mutant is defective in eliciting the cell death response induced by some apoptotic stimulants

	Figure 4 Differential upregulation of death receptors in response to WT and mutant FOXL2.
	Discussion
	Figure 5 Involvement of TNF-R1 and Fas in FOXL2-mediated apoptosis and the defective role of C134W FOXL2 in mediating the death signals of these death receptors.
	Figure 6 A proposed model of FOXL2-induced apoptosis in ovarian granulosa cells.
	Materials and methods
	Chemicals
	Plasmid constructions
	Mammalian cell culture
	Transfection of cells
	RNA interference
	Flow cytometry analysis of Annexin V-positive cells
	Western blot analysis
	Cytochrome c release
	BAK and BAX oligomerization
	Reverse transcription and real-time PCR analysis
	Luciferase assay
	Statistical analyses

	Conflict of interest
	Acknowledgements
	References




