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ABSTRACT : FOXL2 is a winged-helix/forkhead (FH) domain transcription factor, and mutations in FOXL2 gene are res-
ponsible for blepharophimosis-ptosis-epicanthus inversus syndrome (BPES). BPES is an autosomal dominant genetic disea-
se. BPES type I patients exhibit both premature ovarian failure (POF) and eyelid malformation, while only the eyelid defect
is observed in BPES type II. FOXL2-null ovaries showed a blockage of granulosa cell differentiation, suggesting that FO-
XL2 plays an essential role for proper ovarian folliculogenesis. Previously, we screened for FOXL2-interacting proteins and
identified steroidogenic factor-1 (SF-1) which is known to be required for gonad development and transactivates steroido-
genic enzymes including CYPI9. In the present study, we demonstrated that FOXL2 transactivates CYPI9 and stimulated
the transcriptional activation of CYP79 induced by SF-1. In contrast, FOXL2 mutants found in BPES type I and II exhibited
compromised abilities to enhance CYPI9 induction mediated by SF-1. Thus, this study provides a functional difference
between wild-type FOXL2 and its mutants which may aid to understand pathophysiology of BPES elicited by FOXL2
mutations.
Key words : FOXL2, SF-1, POF, BPES, CYPI9, Ovary.
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FOXL2+E 19980 H%x =2 &2l forkhead(FH) =<l
ZAARel Aot} FOX(Forkheadbox) family= 1107]¢] o}r]
A0 2 o] F 0] helix-turn-helix 732 DNA 23 =
o1& 7}AthUhlenhaut & Treier, 2006). E3 FOXL2E
2.7 kbe] @ &0z FAHHE fAAlo|th A7k F
FOXL2 DNA M g2 95% ©14+9] AH54& 74 th(Beysen
et al,, 2004). 217+9] 73, 3970 ] FH family7} B.3% o] 9}

o oA AMoZHE S B A A EFI]) ZHYE

i B ey

o el Aty & AESHA HA A st FaFe v
Edl=4
%7] Y4 FAZ(premature ovarian failure: POF)< 1967

d 404 o] 9] o delAX 7] H7 HdE Kol dEo s
A1 Moraes-Ruehsen$} Jonesol| ]3] A 2] = o] 4 thde Moraes-
Ruehsen M & Jones, 1967). =3+ 7] WA FAZ da=
A3 2] At A HolM(AA S 5, 2000), °F 1%2]
U152 YEPATHHOEK A. et al., 1997). Blepharophimosis-
ptosis-epicanthus inversus syndrome(BPES)-> FOXL2
Fold o) frEolx = Ao
=t} BPES type 19 3%, 40t
527 WA BRZo] fEEolxith BPES
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759 th(Park et al., 2010). sFA%F &
Aol Aol FOXL2o] that A9} o]

=
o
=

O
1_4

A 7k
3 7}

ox % o dlo
—0' mg‘-’ mﬂ‘.

ks
B Ao FOXL29 Aedd
ovarian cDNA glelE &g A48y
Ao Aess oA Zo A SF-1 LO}ME}. SF-19]
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enzyme®| promotere] 2§ st
S ZA 3t (Paker et al., 2002). SF-1

rodent 49| theca, interstitial, granulosa A< o A]
Wi, 53] atreticdt M EZETH 71748 A oA EdH o]
Z7Fsl, YaolA estrogen, PMSG, FSH 59 T2

9] 3| up-regulation 5= T4 & o] th(Falender et al., 2003).
SF-19¢] conditionally knockout® # 4712 steriledtH, ©l
9] A& estrogen receptor?l aromatase knockout F |
A #ZE phenotyped}t FL3IA coupus lutea’t $1OH
hemorrhagic cyst7} HAH OB Z FAoA <] SF-12] 2
A0l S FH39 th(Jeyasuria et al., 2004).
FOXL2+ Elol B AJ1e] da 3 w7 ZEedA wdddn
I HIFEOA glon, HEe 3 Lo A W sl AALRA
QApolth. Hg of AJ o] A9 ko] glof Z7ITHA ol A
9831, follicular, stromal A| X2 oA d&3icte= 7
o] B ¥ o] JthCocquet et al., 2002). AF7FA <] A+2
F}E F8 FOXL2+ Wi e Ao e v R <14
oA 23 911, FOXL29] T2 g o] gk A4 da
o w3t 7] Aol Attt ¢E A girh FOXL27}
granulosa *1]4_«] -rﬁ} ntAR SIARS] AATEd S Atk
3 BV E I t(Pisarska et al., 2004). FOXL2 &g =
Adol7t A4 7%, StAR°ﬂ 3k Ak A '53‘3—0— ”O}X]

=7 z
23& fdly, A= 17] i %j—?ﬂ%ol %%%% 5%
4= Stk FOXL2+E granulosa Al 29| 7] A< ®31E oA
oM, AR rE T 27 1A WA
CH(Pisarska et al., 2004). F£3t & A7 Ad A+E 5
& FOXL29] SF-1¢ 9J&) w7l e CyP179) 5748 AALE
Aol tist A 7121E B3l Th(Park et al., 2010). ©]= FOXL2
7} steroidogenesis®] Ao F23 4T& ke AMIS
Sk EkaL Sl

oyl A+E Tt 2 & steroidogenesis 4 F Cio

steroidsZ H-F] estrogens®] A4S Zv|3l= cytochorome
Psso(aromatase)= codingdt= CYPI19 7 2}Fe] AAL7} SF-1
o 93l up-regulation® th= A& +H 3L, FOXL2%
SF-1 @il o] ot A% REUR 23] HETH CYPI9
AL AArE F7HA71H, BPES SAERE wdH
FOXL2 Ed¥elg & CYP19 AAe S7H71E 80l
FOXL2 o el Hla] ZFaAl7le Ae gelskih
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FOXL2 o3 2 Edde] 3(1-52 a.ad} 1-218 aa) =
Zt2m| = DNAS] A A2 A B3 E =AM st
AthPark et al, 2010). SAMo] G269RF} N109KHL
FOXL2 F, G269R F-(5-CCCCCGGCGTAGTGAACTC-
GT), G269R R-(5'-ACTACGCCGGGGGGGCAGCGCCAT),
FOXL2 R, N109K F-(5'-CCTCAAAGAGTGCTTCATCA-
AGGT)# N109K R-(5-AAGCACTCTTTGAGGCTGAG-
GTTG) primerE A}&3}] recombinant PCRS 23] 319
2% PCRAMHES EcoRIZ} Xhol(Enzynomics, Korea) A
3 245 A8 pCMV Myc-tagged vector(Clontech,
USA) ¢} ligations 3ttt Z12]3. human genomic DNAS
FY07 33 F-(5-CCGACGCGTACTGAAATGCATT-
AATGATGAC), R-(5'-CCGCTCGAGAGTACAGATTCA-
CTTACTGTT)® primerE ©]43}e] CYPI9 promoter clo-
ning= 371 918 PCRE 3ttt SZH PCR A=<
Mlul and Xhol(Enzynomics) A3 E4E AME-3ste] pGL3
basic vector(Promega)9} ligation 42 A DHS5«a 9
competent cello] FAA3S 31%ith S2YH constructs=
ABI PRISM BigDye™ Terminator Cycle Sequencing Kits
(Applied Biosystems, USA)< ©]-&3to] A|AA whHe-S %138
a3

2. MZ Y

Human granulosa Al £(KGN)E 10% fetal bovine serum
(FBS)(Welgene, Korea)9} 1% penicillin-streptomycin(Welgene)
o] g-4¥ DMEM/F12 medium(Welgene)ol ¥l %3}
KGN A Z& Yosihiro Nishi®} Toshihiko Yanase(Kyushu

University, Japan)oll X A3 FSth.

3. Luciferase Assay

KGNS 12 well plateS A3t well F 4x10°9] A Z
ol 170 ng<] pCMV-galactosidase Z2}2~7|= DNA(Clontech),
300 nge] CYPI19 luciferase reporter DNA$} FOXL2 =&
SF-1 coding DNAE MicroPorator MP-100(Invitrogen, USA)
< o] &3} transfection?dt ¥, DMEM/F12 medium®l 364]
7+ EoF w33 th. PBSE washing IS Azl 3 100 l/
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well®] Cell Lysis Buffer(Promega, USA)°l lysisA| % th.
Luciferase /32 Luciferase Assay System kit(Promega)E
AHEste S48 oM, B-galactosidase Aol ths EF
A A 4% 24 PerkinElmer 1420 Multilabel Counter
(PerkinElmer, USA)E ©|£3}%ith.

4 I

1. Luciferase AssayE &%t FOXL22| SF-101 2fal of
JHEl CYP19 Promoter MAIZM0| O|Xl= P&t 201

KGN¢l| SF-1¢} CYPI9 promoterS & slich. 3
FOXL2 o &E dose-dependentdtAl HHAAA CYPI9
o] AArgY FEE dotEdth A7 KGN A XS
36A17F Wl 5 promotere] AAIEAS SAAT 1 4
3, $50 8 FAHAZ] SF-13% FOXL27} CYP199] HA
S S7HITE RS € 5 ANA, SF-13%} FOXL2
dose-dependentdtAl HEEAIZE ® FOXL2¢l ¢]a)A
SF-19] 9|3 CYP19¢] 2ol v o S7H= 39
SFTh o] ZM 217+9] granulosa Al E<Q KGNl CYPI9
promoter®]l SF-13} FOXL2 T 2 o] promoter ¢l 2%
gkl CYPI198] AN s S7HAITE As A =T
(Fig. 1).
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Fig. 1. Stimulatory role of FOXL2 on SF-1-induced CYPI9 pro-
moter activation. Overexpression of FOXL2 augmented
the transcriptional activity of SF-1-induced CYPI9 promoter
in a dose-dependent manner in KGN cells as determined
by luciferase activity. Three independent experiments
were performed in duplicate, and the data were expressed
as the meant+SEM. Statistically significant differences
between groups are denoted by different letters(p<0.05).
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2. FOXL2 OpM& S0l 2l SF-10] 2ol nH7HE
CYP19 Promoter?| MAFHY0 CHal OfX|l= MZ CIE Y
&k 2ol

KGNe©l| SF-13 FOXL2 8, BPES type 12] $ka}ol Al
A 4AE Ed¥olel FH =W ¢l & alanine rich #] 9]
g #e Feo 1-52 aa, 1-218 aa B9He], 1%
BPES type 112] $tato| AlM @A E & 2 nucleotide”} v}
B E9ddolg el G269RF N109K(Fig. 2A)S A A 7]

S 3 k-2 2 =2] 2
% CYPI9 promoter®] AALEA o] ofwl J3ES m =2 &
1 52 152 221 376
(a.a)
FOXL2mutants (a.a)
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Fig. 2. Generation of FOXL2 mutants, and comparison of their
transcriptional activities. (A) Schematic presentation of
wild-type and mutant FOXL2 proteins. The mutants 1-52
a.a and 1-218 a.a type are found from BPES type I
patients, while the G269R and N109K mutants are found
from BPES type II patients. (B) Differential activities of
FOXL2 wild-type and its mutants on the activation of
SF-1-induced CYPI9 transcription. KGN cells were over-
expressed with the same amount of plasmids, and luciferase
activities in fold were shown. The activities of FOXL2
constructs on SF-1-mediated CYP/9 transactivation in
KGN cells were measured FOXL2 WT and mutants from
BPES type I (1-52 a.a, 1-218 a.a) and II (G269R, N109K)
were tested. Two independent experiments were performed
in triplicate, and the data are expressed as the meant
SEM. Statistically significant differences between groups
are denoted by different letters (p<0.05).
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ot gttt A, G0 R AAAANT opYY B FAMe]
FOXL24l &3t CYP199] AAF A& 1-52 aad] B &
ol g S A 93 YA FOXL2 @2 CYP192] AA}
7Rt Ae 98 F AATHFig. 2B). LHU &
Ho| g BF opAgel| Hlawate] AAF 7t BRI RS S
213} thFig. 2B). =3 DNA binding =v¢lo]g} <& x
FH =r¢lo] 91 1-52 a.a® 9] E9Mo| ] A CYPI92]
AAGA o] QS AR S F9latgithFig. 2B). ©
Ao 2 Hop FOXL2°] FH =H¢le] the e dste] 43
Ao Adeg shrhe AME oAl g | EelEkgi Tk FOXL2
& SF-13} 7o) FHEANZ S 7-F, ddE FOXL2 ok
&oll 93k SF-19] w7/l E CYP19e] AAZL B S7tHE
AUA EHE SR18HA AL, WA S0l F Y] Ao A
T opAE o B HTHE YA SFE-19l] 93 CYP199] AAL
g T/t A g3 thFig. 2B).
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FOXL2 % ¢]7} 2001'd POF Aol Al A @ o] 3]
A 4K(Crisponi et al., 2001), FOXL29] B fA=ts} A5
A AA gt olsf= AA FE5 Alfelrt o] A
dE B3t 17k FOXL2 T A3} SF-12> 3524 }U:L
steroidogenic enzyme$l CYP19°] SF-1¢] ¢Jg 7 }
23S GO0, we] Aol AA 1T FOXL
8ol o E o] FOXL2¢l Hlste] ovarian ‘ﬂ‘ ol A
SF-1¢] °Jgt CYP199] AAEAE X84 X382 83t
k.

Nuclear receptor superfamily % 51191 SF-1-> steroidogenic
organs®| steroid ¥4 pathwayol A thket 458 24
3ttt CYP19AI1, PASOAROM X+ aromatase#} e e %l
cytochrome P450 superfamily
% 8l §4= testosterones estradiol 2 HA3A 7= A
w3l oA FRE 9GS sk Bholth old AFE
E‘E‘>H SF-1 ©h A o] A2 A ojl A steroidogenesiss X4 3t
238 w7 %< gonadotropin®ll 3t steroidogenic 7
Z+e] promoterdl] tigH A TS 7FA L Itk EEA Q)
o} B8k 917+ granulosa Al EoA] SF-1¢] CYPI9 promoter
o Attt Ao] HAE S (Gurates et al., 2003), CYPI9
2 w|28}o] StAR, CYPIIA, 3 8-HSD nype 2 183 CYPI7

m[o

[\

steroidogenic enzyme CYP19-



Dev. Reprod. Vol. 14, No. 2 (2010) Differential Activities of FOXL2 on SF-1 Induced CYP/9 95

£ X3k A7+ steroidogenic fFAAFe] B4 A gt
3 4#A S thMichael et al., 1995; Sugawara et al., 1996;

Leers-Sucheta et al., 1997; Hanley et al., 2001). ©|A 2=
n] Z0] Eo}, SF-19] :aL/HSL Ao A ¢ HH 5 @ uldh
ek A oA eAolgty T 4 Qlvy I8y 9
A7AA Aol A 9] SF-19] 28 Bol ¥eiA A &
olt] Ao A, $-2l= 917+ granulosa Al o4 9] SF-19]
o8k CYP199] A S ST

Granulosa M| 2 £-©]3 2l SF-1°] knock out¥® mice™
01013’_ AL 49 follicless 7HA ™, SHA| 71 Aof x| o] 9lo
o, 284 33 7Mdt(Jeyasuria et al, 2004). °] 7
SE- 10] ‘)F/\oﬂfﬂ estrogen®| AAHE] sl 7Hs8kAl sk
ARl 988 st S vtk SF-1S AAF9

om{m

[o

pre-ovulatory follicles®| 4] &&3}H, gonadotropins®l ©]3|
% ® th(Falender et al., 2003). 1822, SF-1< steroido-
genesisoﬂ 03_,‘,_]_15_] ar o l:ﬂ-z;‘:] Z;(—loﬂ ZO§_ Q_lﬂt‘sl—_o_ —5—]_
TALE AAZY & ?ﬂ?”ﬂ% M AFE Fal A7
granulosa Al Z A FOXL2 @23} SF-1 @ do] A%
A&t Al WRlon, ol A9 2-&-o FOXL29
H Zrlo] #ofgtth= AMA S Dokt B¢ electrophoretic
mobility shift assays(EMSA)E 48 3le] FOXL24l| <Js
SF-13} CYPI9 promoter?] ZA¥to] 1S Z718te A &

SrTh(Park et al., 2010). 2 A7-Z E3] FOXL27} SF-19]
WA CYPI9 AALe] 84S S7HA ]ZE}“ Ae G54
k. Z12ju BPES Sl 7N 2 s = Ed ol ¥ 9] FOXL2
= SF-1°] W7l CYPI199] A2 ol thal op F ot o
St A% FEYEA Y] B A AEE HolAY ¥ A
o] & Holx| ¢kgith o] Z Hol FOXLE SF-13 2%
ZEURA CYPI9®] AAME B H F7H7le 98-S
gt F53 & otk =& FOXL27F CYPI9 fr7Ak<)
AHAR] ST = AL AN FE A7 BE
(Pannetier et al., 2006). # <, Nagahama “L& oA = tilapia

= o179 sf-13} fox12 DA 0] in vitro gl A ‘ﬁﬂol
Aers WASAH, fox127F Gypl9al, Z aromatases
X712, Yol7F mouse testicular cell line$! TM3°ﬂ/\1
sf-1 %_‘-:_ Cypl9al AN E AT As B
o} T3t HEK 293 A X |4 medaka P450c17s1 A sf-19]
AL S medaka foxI20l 9]3] a3 o] B LE 9t Zhou
et al., 2007).

mlm

A, CYPI9 promoterd]l e SF-19] A%S FOXL27t
AGA ST A= BgetA] gk Ty old drE

%3 FOXL22 DNA binding = ¢1¢] SF-13 45245}
7] 98l 2A LS HA Y, SF-13F FOXL29] A7
olut%= CYPI9% SF-19] o] JFg wHch FAd
FOXL2%} SF-1 @A) A% SF-19] i3 %NZ#OL
Ao & ZFHLAE LEE SF-13 THE {44} Alo)
o Aol m3 JIFS nA Ao

Poly-Ala tract ©]Zel] A= %03%017} frame-shift&
F35lo] truncate ¥ FOXL2+ BPES typels} 9175 o]
AL, HHHe] F2 poly-Ala tracto] &A= o] elongate®
FOXL2E BPES typell®} ## A THDe Baere et al.,
2003). olH S 52 AAl ME T2 F e FOXL2E ¢
&) g luciferase reporter assay 722 UX|gtr}. SF-19] v
ME CYP199] &4l FOXL2 oFA gl 93] AAtel 5
7Ve RESEAL FH =¥ 13 poly-Ala tracto] 2ol S
°](1-52 a.a)3 > CYPI9 A & S7HAI71=H A8t
ot uhAe] FH =¥ 912 Ala ¥HE-& 7HA = ThE FOXL2 &
ARlolE CYPI9 AN s S7H7IE $8s 7HALe
AA R R Y H T oFstE S SQIskdn Ao 2A sk,
FOXL2¢] FH =W¢l& FOXL2¢l SF-19] Agel 9%
CYP199] ZAAFE Y% S7HAFel #dd 2449 &<l

oo

ojgt T ¢ 3l
POFE 5341 Ao, tf & POF9] Q1 79l 5+
o] IHAE 7L heterogeneous3} 7] UHE*Oﬂ(Simpson,

nj-¢-

2008), B e el % A2 olafst7le B55 Aotk
2 H¥ ¥ POF mouse Ld o] ¥
5]0];31\01::] /3 9] ovarian failureE °|3l| 3t TS =
Zolgt 7l gttt F427F 24 E mouse EE O] ovarian
failure B5& BYole &6k, H40 A4H 715
el FaS PlAE LA 71842 vl$- heterogenousst
th(Matzuk & Lamb, 2002; Simpson, 2008; Jagarlamui et
al., 2009). FOXL2 29 w}--29] %4, premature follicle<]
& oIl granulosa MXE #3819 AF 2 s POFE
Fete AoE 4R JThSchmidt et al., 2004).

2 AFES ol Aol A Q17ke] A Al el A SF-19]
FOXL29] WAl Al A% FEUUS st £ o]
Al FOXL2+= granulosa Al 014 CYP199] AAY &4 &
7He o]l SF-19] 2% SEURA 7]538k3, vl POF
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£ fF38l= BPES Al AIA HAE = E9HolstE FOXL2
+© FOXL2 ok &) ujs] SF-19] 93] L%+ CYPI9 A

Aol h3 27} 7)5o] okEE LS BAF 4 A
#Ale] A7 FOXL27F SF-19] B §27ke] A4

248 75 T = F Ues AAE FI Qo FA
o] ARA0Z SF-10] FOXL29 ¥&EAA & w3t gt

24 e e ER A ¢ glen,

wehd F7h40 A7 Fae] LH,
AR =
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