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EEFBHEMAERNE (B3RP ARGHBRMREE)
IR RRESE
MM 1C 6 (T D Er MR I HE RSB OB B & T DERIR IS A

MEREKE: BE BT RERRKFRER - EERVIEH - R

MEEE: Fx X2 FE T TGF-B B IMIEBESAIBIZ/ER L CERERF Soxd, & D Fitd Sox2
AL CIMIEEES M ORSMEEZ MR L TWE Z & 2B 50 L, KB CliiMiEEs
AIRZIZ BT, TGF-B-Sox4-Sox2 BEN ED X 5 RIEMNELETFZEE(LT 50, Tb0E
BT IEMIERE SO RS R ED L S IZBb > T D0, EHICZn b DEETFEE
It MEERICBWTED LI IZRE L TV A NnEFOLICHEEZED -,

Rk 22 IS EftE . A ITEERTF Octd IZHEBR L. b MNYEEBBRE ) OB IMEE
BAIIE T Octd DFEBFAET W2 2 A, HbDRER R Lz, £ -MEFEHMEE Octd
SIRNA THHET 5 L, av ha— X THBARREICL YV AEBICHREORL RS
. IDBABNCH T DEZENTLE L EEZ D, MESSMAITEE IR L2 ER
D ERMEEREREIZER D Z LB Fe & I Octd/Sox2 enhancer DIE ML 2 FEHE |2 B2 3% X E IS
R ORSEEEZBRET AR ENLL LT D2 E2RATZ, TS OMEESMEE < 7 2
BHENICBHE LA, ~URERBZRTHZ L, BEOHE - BREHETHZ &M
T&E T, Fio, ROMMEEHER LTV 5 &35 X O 2 MBS S B0 /7E$ A
WD T & w R CHERR Lic, A XS BT TGE-B 7 7 2 U — DM IR AL it
THEROMIEEHED, BMP-4 IXEEEMAICIER L, DMUREER A2 >Z L 2L
7eo —77. TGF- FAEAI & BMP-4 Z 0FH L CHBFRIMERILHA S 23Tl <. BMP-4 & TGF-B
WERRDTHY 7 FPARKBLEERF 20 L THMEESMEOSMEEZHE L Tnd EE2 L

iz,

HRSIDE R4

W s
CRECRSRFBE - ¥ RBIIR - HAH)
B

CREUA S SRR - BHEZUR)

A BIEBRMN

AR O C b i b I E O B W B IFIE T,

TGF-BA 23 A DIEATIZE B R B Z R LT
DT ENIEFERBINTNS, EFEIZ, TGF-B2
KT 2T F A4 Y TXT VAF R
TGF-p5 2R O B H| o g R B A E 4TI
Bl E N TRY ., TGE-RY 7/ F O N B
TEOWHBICAS THD Z ERRESNTWVD,
4 1T 2 E T TGF-B 2B ER IR /B
U TR R R O R MEMEZHER L TWA Z
& &I B I L7z (kushima et al. 2009), £7=
TGF-f ZAEEEASIIEESMED S LE R
HEFDZEERH L, &bic, MESSAR
{23 T TGF-B 28 Smad ¥ 7 VR 2 &ML
T 5 &, BBERET Sox4, TDOTFHD Sox2 &4
L TRMEMEEHEFF L TWA Z LB LNTL
Too LU, IEZEEMARIC S5 TGE-B [BE
F OB FITEFNC L > TER DD LD,
TGF-B A MIEESHAIEIC I T Sox4-Sox2 1R
ENLTEDL D Ty 7o T aEEEL

TONER LT D I & TE & O MRS E 5
WEERIREEEZRET D ETHRO THELE
bbb,

AHFFETIZ, O Smad 7% Sox4-Sox2 B A
L THOEERT & & bz ED X5 RIENER
FEREHE LT D, OQFN b OBELEFITMIES
MR ORMEMEHEFIC SO L 5 I T
% 72 % in vitro. in vivo D E A SNz 5.
@bt N DBEEFHOMER I 53
B, ECmEEBERErO=yF 2t DEDY
EEOTHREEREAR S THRRBTI 2T
DI ED TV D, Tk 23 FEREEIERL 22
FEEIZB|&HE Sox 77 2V —DEERTF L&
BT AHEERTF Octd I OWTIHESHED -, =
TREE SR A ER L T v AEERNICBE
L. MfEFRHICREZT o7, 612, TGF-B
77 U —OREFTT T MEE S0 S5
ZARET D Z EDRHM BTV D BMP-41Z2W T,
DOREF &t Led &, TGF-f O1EM & D
EERE Lz,

B. IEA%E

b MEERESIIIE AR FESRYHEES
LOERBEE TR LEbOER W, B%iT
1) 35 C EGF & bFGF OEE T TiT» 77,
BRI~ — U — D 38H sphere LR RE D I 7E



RNAIWL K DBIEF/ v I/ ¥ AL Ty
TA T, EEM RT-PCR, V¥ 7=F—F¥7T
vEA, X— v U RABEEFN~ORFTBMHIT
T TICHRE L7 F 1 (kushima et al. 2009)12 &
DIToTz, 7 a~vTF o aEibRiEixd CloRE
SN TWBHEZAWTIT>7= (Ikushima et al.
2009; Koinuma et al. 2009), Lentiviral vector {Z X
D AR DFEBLIIBEHR DB Y 17> 7= (Nagano et al.
2010),

(fRERE ~DEE)

) ZOWETIT2 D TEDEBGTFHAME X
FERITTERL 20 45 10 A 21 B O EBKFE S
#. DNA EREZEZBRIIBVTEREZITT
BY ., EORIEHGIEEENE b TW5,

2) B E AW ERIL, SIMEROEE 2B
TL., RARAHBEBRBREETHLOETITHE
FEIH, ARAREEZFHOEDZHANGE- T
To7.

3) AFETHWABEERBREXHERKFEESE
MmHEEESDOAREE T, HBREICT DA
VI7F—ARearey hEEBHTIT-o TS,

4) b N OBETBITEIT 5 HFRITAF TR
EICIZFESNATWARNY, B ES #ilaz B
WFGCIEARFFEE TN T E STV,

C. IR
1) S8RBE R Octd & Sox4-Sox2 R D W RIEMA

T2 IXBIFERMIRICB VT TGER & 7 L
DTFHRTERATHIET & L CERERF Soxd &
Sox2 DEEMHLZ ZNE CTHLC L THEE,
Foo 13k 22 BEIF| EHEE Soxd ILEALT
TGF-f ¥ 7 TNV EZHIHTA2EF & LTEERT
Octd [Z7 ¥ B L THEEITo72, Sox4, Sox2 A%
TGF-B ¥ 7ML > TEDOREN EH T DD
W2t LT, Octd DFEBLL TGF-P >~ 7/ F i k-
TEHLZRY, LL, Octd IE Soxd &AL
T Sox2 DTN Y —GEEICHES LT Sox2 @
FEBE A G L, BEFEESRMEORS LI OHER
WEBEREEZRZILTWAZ EFRH LR,
EBIT, Octd OFRBNET 5 & BEFESHE
DRFMEITER L, BIWERTT IV CHIES
EREEME T35 Z &, HidsAHl temozolomide
(TMZ)~DEZEN EFTHZEE2HLNCL
770 E7-RED THEBREW T & 1T Sox2 DFIIHES
VIR ZEREER I TlE Sox4-Octd AR EE
BEERZ L TWAOIEH L, EFNEMRT
1L Sox2-Octd BEETHDH I b, BEELE
FAER T D Sox2 DORBEEN R > TS A
BRMESRR I, TN D ORREE TR 23 EE
{Z Journal of Biological Chemistry 562 R &7 3L &
LCTHELE,

4 13 Octd DHLR CIEBMEB OB EITo -
D22 PiR 2 722 < | FRRYL T Octd B D i

MEE MR % in vivo CHERR T D Z LIXTE T, fih
® TGF-B-Sox4-Sox2 R DIEMELRT OB
BRMELEZ bR,

2) fMiEE e A% V72 in vivo £ A— v )
VAT DDOFESL

ABFFE Tid TGF-B-Sox4-Sox2 #R I D FRER
BET OHEED =91 ChIP-sequencing 4T 5 F
E T2 D7, Lo L ChIP-sequencing % 4T
5 T2 DT LR R B o I PE 5 A 2 YE 4
HTLBRBETHDN, MEESMETEES
I spontaneous IZ3fL LT LE 5 Z &L AAEBREAT
HSWBTHOLMNE AR o 72, 41X EOS lentiviral
vector & FiV T Oct4/Sox2 enhancer DIE AL % 5
BiCEEEMERSME O RS2 BRET 5%
ZIAbLETDZ L ERATL, FORKBR, TGS-01
HIBEIZ I T Octd/Sox2 % B9 5 HifE & # H
THZENAREE 72D, EHIKRFE2ED TV
D, SDHICHBNRENERTREDTD, %
MlEEWIRLNTZEDT T 5D RNA
sequencing D HF{EZ L L HFZEEZED TV S,
ZDOFER 1 ng O total RNA 2B HARBREDES
TR LI BB T REMIT BN FIRETH B Z &
TR LT,

% 72 EOS-Luc FEMIEERAEZ H VT, in
vivo THEGEHIIaE RERE~ U ADHEEN
WCEFBHE LISV~ RZEHZRTH L
. EBEDOEK - HREZHRHT DERRDOMESL
ZEDTND, HBREWT L2, EOS-Luc EH
ERES L REFTBE L, B o Bk
BBELLLLIS, RoEZ#ER LTS E
EZONSMESHEBE I MLE © &2

(perivascular niche) (Z/RTET 2EMNH 5 Z &
T RERRR Y CHRR L, —F T, RIES
DA D 7' —7" (Ricci-Vitianiet al. 2010; Wang et
al. 2010) 22 b HE SN TV D MIEE RIS M
BRIREMIB~GIET 5 & W) FF R Z2FEBIICE
FI /R, COERRTIIERCTE R
77
3) BMP-4 O iR F R MR 53 5 fEH

T E T4 X TGF-p ORMIEE S %t ls
WA ED TREZN, TGF-f 77 U —Dih
DRFDIERIZONWT ORI EIT o7, FOkE
R BEER (Piccirillo et al. 2006) @ & 33V . BMP-4
i& EOS-Luc R B MRS SMAIZ/EA L. CD133
R Olig2 ORELZET &, MLIREER
DIEBALNEIRoTs, —F ., TGE-B FHEH
L BMP-4 Z B L TH BIFERIZHA L2 Tikip
<.BMP-4 & TGF-B i385 T 7T VRE
REER 7% U CIKEREE AL 001k % Hl1E
LTWdEEZL LN,
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ARFZEIL, AVFR, BBETHB IS Z F. BEERER
EPEIRFF S D TGF-f FRERI OB IHEEICK 35 ML
PR L OBEMEE I 52N T B 7 O EEEA
RE/BDHZEZAMELTRY, B THLES G. %%

DEVIFETH D, £z TGF-H ¥ 7 F LD Tk 1. Brms
T Soxd-Sox2 MENEETHH Z & iTH~ B 1) Mizutani A, Koinuma D, Tsutsumi S,
FUZHEBRIT THLMNMILEZLOTHY, EHIC Kamimura N, Morikawa M, Suzuki HI,
FWFFERRE DR & L THA 1L Octd DEE M Imamura T, Miyazono K, Aburatani H. (2011)
LS LD LB MAEEOEWIFETH Cell type-specific target selection by
%, combinatorial binding of Smad2/3 proteins and
Tk 23 4R EE MRS S M a2 BBV - in vivo A hepatocyt.e nuclear factor 4alpha in HepG2
R DU T AT ADRESE . ST 2R TR cells. J Biol Chem. 286 (34): 29848-29860.

2) Watanabe A, Ogiwara H, Ehata S, Mukasa A,
Ishikawa S, Maeda D, Ueki K, Ino Y, Todo T,
Yamada Y, Fukayama M, Saito N, Miyazono K,

BEHT2 TGE- & 7/ & BMP ¥ 7 F L&D
BERIC DWW CHFSE 2w 72, ABFFED RT3

B> & 7R AVIERESR, TGE-B BLEAN & BRI IS A 3 Aburatani H. (2011) Homozygously deleted
D EWIEEBPEN R fER &2 TRIT 5 ECEE gene DACHI1 regulates tumor-initiating activity
LD ENEFEND, of glioma cells. Proc Natl Acad Sci USA. 108
& ATAHEFEBRSA 72 EOS-Luc JEER MRS o (30): 12384-12389. ‘
A% FVNTZ invivo £ A — v 7L 2T AL 3) Morikawa M, Koinuma D, Tsutsumi S,
fﬁ@@?%@%@@f“ @&T@&b(%%?@}gl{\ &: =) j’) Vasilaki E, Kanki Y, Heldin CH, Aburatani H,
FUB . 78 AN B 2 o sp(;;x\taneous A Miyazono K. (2011) ChIP-seq reveals cell

type-specific binding patterns of BMP-specific

LTLED ZEnb, BDABMBEORSEEE Smads and a novel binding motif. Nucleic
MEFRFLTORRBE TR ZIT S ZEDREETH B, Acids Res. 39 (20): 8712-8727.

KUAT LAOENC LY | MIERESMIZ Y 4) Tkushima H, Todo T, Ino Y, Takahashi M,
TR T T LUERASITO D ENAEREL A Saito N, Miyazawa K, Miyazono K. (2011)
ERbIB, Finvivo A A—T 7 B AT Glioma-initiating cells retain their
AT LT, THETEL LAV EEDER tumorigenicity through integration of the Sox
B & 2SI T & 7R o To DA, 1 AN X 7o axis and Oct4 protein. J Biol Chem. 286 (48):

41434-41441.
5) Ikushima H, and Miyazono K. (2012) TGF-3
signal transduction spreading to a wider field:

ECHEBEOMKEZBH 52 ENAREE ao Tz,
X B HBROMBITIZ BV TIE Luciferase 51

% TR 2 MBS IS O JBALE % B b 2> A broad variety of mechanisms for
952 EAREE B, 4 %I MIER MG context-dependent effects of TGF-f. Cell
D43k & BB NI BT 5 B L OEE I Tissue Res. 347 (1): 37-49.

WTHBMELEDA LN TEALHBFINS, 6) Miyazono K, Ehata S, Koinuma D (2012)
W 24 4EFEICIAT C TGF-B & 2 F /1< BMP-4 Tumor-promotin_g functions of transforming
S 7D B T 2 ABTRREAT L7 O oSt 1 oy, Daoession of cancer. Ups J
B\\E%: 4 ?{J)L“Té f’ﬂi\ :6% 6\\75)‘ EO/SN:LUC %@% 7) Morikawa M, Koinuma D, Miyazono K, and
MBE%%#HJB@ IEF DT UL TOEE %ﬁ*ﬁﬂ Heldin, C-H. (2012) Genome-wide
THOECHOEERY -V LD SN, mechanisms of Smad binding. Oncogene in

BHFEIMD TTFHOBNRAD—DT, 1 press.

FELINIZ S0%DBENELE L, 5 EAEEFERITH

3% Th D, BIFEIIT L QIR LN H. SIFBTEEDHEE - BRI
AR y T4 772 EORBEBIEENMThh Ty 7L
D3, WRRDROBIMNZRUCEIZTED R VO NE
KTHB, TGE-P2 DT > FH L AFY AR L

F RERA Y72 CENTE SHEEBRP LGS
NTVWED, FOBEKRSRPEFEI LTINS,
—FCARBFIRICL Y TCGF-B ZIBRYE LTTRE L
NG e e & O BEM B 5 2MZ 72 Y . TGE-B

FLER DB E R 2 TRT 5 Z &N TENIE,
JBEAFEITHRORm THMOTEETH D L HF
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FEHFBEHFERAREFAEE (EIRMPAVREBBAREE)
SEMEREE
MINFES (85 11 5 BRI M B OB & T DERIKIS FA- BRI D#AHE ]

MERKRE: EBEE BT EERRZERER - EXRWRE - g

MRES : Fex X2 E T TGF-p AMEEEMALIZ/ER L TERER T Sox4, D FiED Sox2
EN LU CNEBBRMBEORSLIEEZHERE L TWAHZ L 2B LN L, A% Gl MiEss
AERBIZF N T, TGF-B-Sox4-Sox2 BN E D K 5 REMBLEF BT 20, FRb0E
EFIIHEE SRR O RS ERFICED L SICEb > TWE 2, &I OBEETFE
e MEEBICB W TED L IIZRE L TV A 0EF DI EZED 2,

Fox IXTRR 22 FEEICS R EERERF Octd [ZHER L, b MNMEESRE LB MEES
HRL A Octd 12Kk 3 % siRNA TUEE L7z & 2 A sphere FEARAENE L < Ikl SN 5 Z & 2R
L7z, EDICHELXIETIDTFANI =L EITV, IEHE OMREME & MEES M OMHEE
ZHALNC LTI AT E BTGRP 7 7 2V — OIEESHMIRIC T 2 EH O L ED
fEx D BMP X% DHEAZ RN EDIERZRE Lz, TORE. BMP-4 IXESHHIR
CAER L. BB EEREZRSZ EBHAL N E o7z, —F5. TGF-p [HEAI L BMP-4 %
LCHBABIERIZHAL M TiE2 <, BMP4 & TGF-B &5 Ty 7/ T ARKLETER T %

U ORIEGSRMEO M ERIE L TnD EEZX BT,

A HIEBEH

MHIEZE O Ch RS BMEDOBWBEECIL,

TGF-B23 5 A DIEATIZE B R TR Z R LT
DT ENEEREBEINTND, EEIZ, TGF-A2
T BT FR o AF)IRIVEFF RRE
DTGF-BIREHR DO ERARBR I EN TG I N
TEY . TGE-R 7 F DO 7 BEEIE D IR
WEMTHDZ ERBEINTNE,

F4 1L 2 E T TGF-B A MRS S FA /B
L CHEESMRO RS EEEZERF L TWE
L % 522 L7z (kushima et al. 2009), £7=
TGF-B 5 75 (B2 A 20 B FE 5 i Bl oD e ik 4 B
AR~ ot RET S Z L2 RH
L7z, & bIZ, MEFEEMIIZIV T TGE-f 28
Smad ¥ 7 TR EEMEILT S L, BERT
Sox4, D FTHD Sox2 N U TRt 2R
LTWBAZ RN L, UL, HMEES
BRI X9 5 TGF-B FLEAI O RITAEFNZ &
STERHDZ &b, TCGF- 2 NEREHMAE
IZFBUWT Sox4-Sox2 BEENM L TEDL ST
WM TN EREEET A0 EHLNICT S
T &V EE 2 O BREEE G Bl R R R R R IR E
THETHBOTEELEZ NS,

AP THEMEES BRI WV T,
TGF-B-Sox4-Sox2 fREEN ED L 9 IeiZHERLET
EIEMEALT 20, TN 6 OB EFIIMIESSM

M DORGICHEREIFIZE D L S IZBhb > TWA D,

SHIZINLOBEETFEHIIE MMERICBANT
EFOLIZRBELTHWANEPLIHELED
TV B, AR 23 FEEEIXOERR 22 EEICE S
Sox 77 IV —DEERTLEATIEHEERTF

Octd I OWTHFIEZ DTz, £7=, TGF-B 7 7
TV —ORERFCT CICHEESMROS{LE R
H#THZ RN TS BMP-4 IZDWT, il
DORTF LB LN S, TGE-p OIEM & o REE
EEOTHRE LR,

B. BIRAE

b MEERESR M ER K EEERRHEER
SOERBEEBETERLELOEZH W, 81T
B 1f1 75 C EGF & bFGE DFE T TITo 72,
B~ — U — D FEH,, sphere AR EE D HIE .
RNAI WL L BDEBRT/ v/ F O ATy
T4 T, FEM RT-PCR, V¥ 727 —¥7
v A X TICHE L=FHE (Ikushima et al.
200 E 0 fToTe, 7 u~F o REIkBEITd
TICHEFINTWSE HFEZHWTIT-> &
(Ikushima et al. 2009; Koinuma et al. 2009),

(R~ DELE)

) ZOWETITR D FTEDBBFHABEZ
EBRITERL 2048 10 A 21 H OB K E SIS
#1 DNA EREZETESIIBWTAREZZITT
B, WU EHENE S TWS,

2) B E AWZERIT, BMEROHEEEE
TL., B RBREAETIHLOETICR
FE3HE, ARREEFHOED DHANHE-T
To7,

3) RFETHV D ERBRIKIIR T KRFESE
MHEEERDOAREE T, #HBREICITH4
VI7F—AFReartry hEERTIToTCWNDS,

4) v b OBRTFEITEIT O HFIEIXARBIFEE



HIZIETFEIN TV, & FESHIEs vk
BF I AR EICIZ T E STV,

C. HEHER
1) BREKRF Octd & Sox4-Sox2 IR DO HHIER

2 IIB BRIV T TGR-B v 7 v
DOTWMTERTAETE L TEERT Sox4 &
Sox2 OEZEMEZ I NETHL NI LTHEL,
o2 TR 22 FEEICE EfE Sox4 ILEA LT
TGF-§ ¥ 7 F N8I+ 2EF & LTEREERT
Oct4 IZ{EH L THFZEEIT 7=, Sox4, Sox2 8
TGF-B V7T NI Lo TCEDOERBEN LHTEHD
x5t LT, Octd OFEIRIL TGF-P > 7T it L -
TEH LR, L2L, Octd X Soxd &AL
T Sox2 D= NP —fEEICFE S LT Sox2 @
FEERE G L, BEFEEHR O RS {LEOHER
WCEEARAREEZ RS- LTSI EEHLMTL
TETz, EBEIZ, Octd ORBHRNET T 5 LB
JEES A DR SEIEIXEEL L, BERET L
THMEBERENSET T2 &, BIBAHA
temozolomide (TMZ)~D RSN EHT 5 &
BN Uiz, £7- Sox2 OFBFENIIB HIE
ERHIIE Tl Sox4-Octd BAERNEE &S %2R
ZLTWwaolzxt L, E®MEMEE T
Sox2-Octd MWEETH D Z &b, EE L EFHHE
HETo Sox2 OFBUEENE > T D ATHENE
DRBENTZ, TNODOBREER 23 EEIC
Journal of Biological Chemistry 55IZJRE#RCE L
THRFEL,

P4 13 Octd DHUE CIESMHBMROYEEIT - 7=
PEE 22 F RN 722 <. Octd OMEREYE MBS
BRI % in vivo CRERT A Z LIEITE T, fho
TGF-B-Sox4-Sox2 #% ¥ DIEAYEE T DR
BEBRLULELEE Z bnl-,

2) BMP-4 DM iEE s M IE - %t 3~ 2 EA

T E TH & I TGF-p OMIE BRI % 0
WP A D TR, TGF-f 77 X U — D1
DOEFDOERIZ O T HRE 2T 72, T DR
. BEH (Piccirillo et al. 2006) @ & 31 . BMP-4
1% EOS-Luc B MER &I IZ/EA L. CD133
R Olig2 ORERBAET S, D{LIREERZE
DT EREALMNE R oTZ, BMP 7 7 2 U —DE
1% BMP-2/4, BMP-6/7, BMP-9/10 7% 4 > BMP
D 1HSREED S BLENEN ALK-3, ALK-2,
ALK-1 IZEWEFIMETHEATHIZ &b, Mia
&L »>T BMP O7 A V74— AIIxT 5K
MHERERRD ZENTFREEINTE, BMP OEMKF
Thn 1dl OFBETHER L E A, MESER
AR TGS-01 Tl BMP-4 (3#h=R K < 1dl DFEEH
EHET H012x L, BMP-6 ° BMP-7 @ Id1 7%
WERIZHEE Cld o7, 72 BMP-9 I3
BMP-6 <° BMP-7 & ¥ |33/ C& - 7= 7%, BMP-4
W38 5 Z E BB E 72572, CD133 % Olig2

DFBIME S BMP-4 THRIBEINT, &
DT &b MEREER ML BMP @ 1 BIZARK
ALK-3 Zf U TobiBE & R LT\ 5 mTREM:
WEZ BT,

—J5, TGF-B [AEAI & BMP-4 Z0FH L THH
FAERIZA 523 Tld/e < BMP-4 & TGF-B 11#
AT 7T ARBERCERER T &2 U CIMIE
BEMREOMMEERIE L TWA EEX BT,

D&E. ERRULEH

AW, Wk, BAETHRBEIND Z
EREIRR &N D TGE-B FREAIOBIEREIZ 5
TR & OEEMEE B L NI B 720 0 B iR &
REBDHEZEMELTREY, M) CHEM
DEVFFETHD LEZ D, £ TCF-p ¥ 7F
VD TR T Soxd-Sox2 IEMNBETHAZ LT
FHa BRI THLNILEZLDTH Y,
S HICF A 1T Octd DEEMEZ LIMAICH LT
LicZ &mn, MAMEDOE W TH D, AHF
FEDRAN E BITH b2 & 2Ttk TGF-B
PE A0 % 6 BRI 37 2 S ITTREES A 2h 22
ZTRT D ECEBELRDZ ERHFBEANS,

T CICES IZ 3 L CIL TGF-p2 7 »F &
YAFY AX T VAT R TCGR-B Z AR ER
DEERABRDUESN THE > TWBER, FHxid
TGF-f 5= &K= Sox4, Octd b FHizisZ—47 v k
E AT EEHLMNZ L,

EUICAREE, HEPFRETH LA, B
O A3 B4R L7z EOS-Luc & I MBS a2 v
7= invivo 4 AT T AT AIEHLOFIED
BEOTLDIWBD TEEFEVEEDNR D, Tk
24 FEFE\Z T T TGE-p & 7 F /<2 BMP-4 &
TV DERIEGF 2 MR L O %
SN TBFETH DA, EOS-Luc FEIMINE
BEHIIRIL T DN F L L TORE 2 RAT 5
ECHLEERY A LRI EHFEINS,

F. BEERER

EL

G. HIEHER

1. MXHER

1) Ikushima H, and Miyazono K. (2011) Biology
of transforming growth factor-3 signaling.
Curr. Pharmacel. Bieotechnol. 12 (12):
2099-2107.

2) Kaneda A, Fujita T, Anai M, Yamamoto S,
Nagae G, Morikawa M, Tsuji S, Oshima M,
Miyazono K, Aburatani H. (2011) Activation
of Bmp2-Smadl signal and its regulation by
coordinated alteration of H3K27 trimethylation
in Ras-induced senescence. PLoS Genet. 7
(11): 1002359. :



3)

4)

5)

6)

Watanabe A, Ogiwara H, Ehata S, Mukasa A,
Ishikawa S, Maeda D, Ueki K, Ino Y, Todo T,
Yamada Y, Fukayama M, Saito N, Miyazono K,
Aburatani H. (2011) Homozygously deleted
gene DACHI1 regulates tumor-initiating activity
of glioma cells. Proc Natl Acad Sci USA. 108

(30): 12384-12389.

Ikushima H, Todo T, Ino Y, Takahashi M,
Saito N, Miyazawa K, Miyazono K. (2011)

Glioma-initiating cells retain their
tumorigenicity through integration of the Sox

axis and Oct4 protein. J Biol Chem. 286 (48):

41434-41441.

Ikushima H, and Miyazono K. (2012) TGF-p

signal transduction spreading to a wider field:

A broad variety of mechanisms for

context-dependent effects of TGF-. Cell

Tissue Res. 347 (1): 37-49.

Miyazono K, Ehata S, Koinuma D (2012)

Tumor-promoting functions of transforming

growth factor-f in progression of cancer. Ups J

Med Seci. 117 (2): 143-152.

H. MBI EEOHRE - BHIKR
L



B4 FEHNEMEEMPE (E3AAIARAEBKHEEE)
MAARHESE
MXEEMIED S / LT

SEMRE . BE RE HREXEXRER - EXR#EH -

B

%H*l

MREE L IX TN E T TGF-p M IMIESEEMIZIC/ER L TEERF Soxd, D FH D Sox2
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Specific regulation of target genes by transforming growth
factor-f (TGF-P) in a given cellular context is determined in
part by transcription factors and cofactors that interact with the
Smad complex. In this study, we determined Smad2 and Smad3
(Smad2/3) binding regions in the promoters of known genes in
HepG2 hepatoblastoma cells, and we compared them with those
in HaCaT epidermal keratinocytes to elucidate the mechanisms
of cell type- and context-dependent regulation of transcription
induced by TGF-. Our results show that 81% of the Smad2/3
binding regions in HepG2 cells were not shared with those
found in HaCaT cells. Hepatocyte nuclear factor 4e (HNF4«) is
expressed in HepG2 cells but not in HaCaT cells, and the
HNF4«a-binding motif was identified as an enriched motif in the
HepG2-specific Smad2/3 binding regions. Chromatin immuno-
precipitation sequencing analysis of HNF4« binding regions
under TGE-f stimulation revealed that 32.5% of the Smad2/3
binding regions overlapped HNF4« bindings. MIXL1 was iden-
tified as a new combinatorial target of HNF4« and Smad2/3, and
both the HNF4« protein and its binding motif were required for
the induction of MIXLI by TGF-f3 in HepG2 cells. These find-
ings generalize the importance of binding of HNF4« on
Smad2/3 binding genomic regions for HepG2-specific regula-
tion of transcription by TGF-$ and suggest that certain tran-
scription factors expressed in a cell type-specific manner play
important roles in the transcription regulated by the TGF-§-
Smad signaling pathway.
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Transforming growth factor-8 (TGF-B) has multiple roles in
growth arrest, apoptosis, differentiation, epithelial-to-mesen-
chymal transition, and extracellular matrix deposition in vari-
ous types of cells and is related to embryonic development and
various human diseases (1). In cancer cells, TGF-$ is known
to possess conflicting tumor-suppressive and pro-metastatic
functions; TGF-B inhibits cancer progression by cell cycle
arrest and apoptosis, although it also helps cancer cells to evade
anti-tumor immune response and metastasize to distant organs
by epithelial-to-mesenchymal transition. Understanding the
precise regulatory mechanisms downstream of this signaling
pathway is required for the control of diseases.

Smad family proteins are the principal and specific molecules
that transduce signals from the ligand-bound active receptor
complexes on the cell surface membrane to the nucleus (2—4).
Smad2 and Smad3 form hetero-oligomers with Smad4 after
phosphorylation of the C terminus of Smad2 or Smad3 by the
receptor complex, and the Smad complex serves as a transcrip-
tion factor on the genome. The Smad complex was reported to
bind to the sequences containing “GTCT” (Smad-binding ele-
ment) by in vitro screening of the binding sequences and struc-
tural analysis of the Smad complex bound to the DNA (5, 6).
However, this very simple motif is present everywhere in the
genome. It has also been suggested that the binding affinity of
the Smad complex to Smad-binding elements is not high. Inter-
action with other transcription factors and cofactors has been
shown to be important to provide functional specificity of
TGF-B signaling, and these transcription factors and cofactors
facilitate binding of the Smad complex to the favorable posi-
tions in the genome. Expressions of these transcription factors
and cofactors are often regulated in a cell- or tissue-specific
manner, and a subset of these molecules indeed has been shown
to be important for the context-dependent Smad binding to the
genome and transcriptional regulation of target genes. Target
genes of TGF-B that are regulated by the same cofactors
are designated as a synexpression group (7), as reported in
the regulation of several genes such as CDKNIA/p21 and
GADD45A by FOXO family proteins (8).

High throughput analyses of transcription factor binding
regions using either an oligonucleotide tiling microarray or
massively parallel sequencing are now widely used to under-
stand the roles of transcription factors (9, 10). We have identi-
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fied Smad2/3 binding regions and Smad4 binding regions using
a promoter tiling array in the HaCaT normal human epidermal
keratinocyte cell line (11, 12). We found Smad2/3 binding
regions at the previously analyzed regions as well as many unrec-
ognized binding regions. Activator protein-1 (AP-1), v-Ets eryth-
roblastosis virus E26 oncogene homolog, and transcription factor
AP-2-binding motifs were identified as enriched motifs in the
Smad2/3 binding regions in HaCaT cells (11). However, it remains
to be determined whether the identified Smad?2/3 binding regions
are shared with those in other cells and tissues.

Hepatocyte nuclear factor 4o (HNF4q)* is a member of
the hepatocyte nuclear factor family, which includes well
conserved nuclear receptors among mammals. HNF4«a is
expressed in the liver, kidney, small intestine, and pancreas and
is essential for the organogenesis of the liver (13, 14). HNF4«
is also required for the differentiation of hepatocytes and is
engaged in hepatocyte-specific gene regulation related to the
synthesis of apolipoproteins, acute phase reactive proteins, and
other secreted proteins. HNF4« is located in the nucleus, forms
ahomodimer, and functions as a transcription factor by binding
to DR1 elements in the genome (15).

Several groups have identified a functional relationship
between HNF4« and TGF- signaling. TGF- down-regulates
the expression of variant 1 of HNF4«, one of the transcriptional
variants of HNF4«, which hasan AF1 transcriptional activation
domain in their N terminus (16). On the contrary, the expres-
sion of the transcriptional activation domain lacking variant 8 is
repressed by TGF-B in normal murine mammary gland
(NMuMG@) epithelial cells (17). TGF- has also been reported
to regulate the HNF4« expression by proteasome-dependent
degradation (16). The effect of HNF4a on TGF-B-induced
transcription has also been analyzed for the APOC3 promoter,
where HNF4« interacts with Smad3 and Smad4 to induce the
APOC3 expression (18, 19). The HNF4a-binding motif in the
APOCS3 promoter has been shown to be important for TGF-§3-
induced transcriptional activity, and a mutant of Smad3 that
lacks the DNA binding property to Smad-binding elements still
interacts with HNF4a to synergistically transactivate the
APOC3 promoter (19). Because HNF4« binds to the MH1 DNA
binding domain of Smad3 through both its N and C termini
(19), Smads may indirectly bind to the APOC3 promoter
through HNF4«. However, it is still unclear whether the
reported interaction with Smads and mechanisms of transerip-
tional regulation are generally important for the function of
both HNF4« and Smads in hepatocytes.

Here, we identified Smad2/3 binding regions in the HepG2
hepatoblastoma cell line and compared them with the binding
regions in HaCaT cells and hepatocellular carcinoma Hep3B
cells to elucidate the mechanisms of context-dependent regu-
lation of TGF-B-induced transcription. We found HNF4« as an
important factor for HepG2-specific Smad2/3 binding regions
and analyzed its regulatory mechanism using a new target gene
of HNF4«, MIXL1, under TGF-S stimulation.

“The abbreviations used are: HNF4q, hepatocyte nuclear factor 4a; gPCR,
quantitative PCR; ChiP-seq, ChlIP sequencing; FDR, false discovery rate;
CEAS, cis-regulatory element annotation system.
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Smad2/3 and HNF4« Binding Regions in HepG2 Cells

EXPERIMENTAL PROCEDURES

Cell Culture—Human hepatoblastoma HepG2 cells and hep-
atocellular carcinoma Hep3B cells were obtained from the
American Type Culture Collection and were cultured in mini-
mum essential medium (Invitrogen) supplemented with 10%
fetal bovine serum (FBS) (Thermo Scientific, Rockford, IL), 0.1
mM nonessential amino acids, 1 mm sodium pyruvate, 100
units/ml penicillin G, and 100 ug/ml streptomycin. HaCaT
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; catalog no. 11965; Invitrogen) supplemented with
10% FBS, 100 units/ml penicillin G, and 100 pug/ml streptomy-
cin. Cells were grown in a humidified atmosphere with 5% CO,,
at 37 °C.

Antibodies and Chemicals—We used the following com-
mercially available antibodies: mouse anti-Smad2/3 (BD
Biosciences), anti-a-tubulin (DM1A) (Sigma), rabbit anti-
phospho-Smad?2 (Cell Signaling Technology, Beverly, MA),
anti-phospho-Smad3 (Cell Signaling Technology), and anti-
HNF4« (Santa Cruz Biotechnology, Santa Cruz, CA). TGF-83
was from R & D Systems (Minneapolis, MN).

RNA Interference and Oligonucleotides—Stealth small inter-
fering RNA (siRNA) targeting HNF4a (5'-AAAGCGGCCACGC-
GAGUCAUACUGG-3') was purchased from Invitrogen. As a
negative control, we used a predesigned siRNA (12935--200,
sequence not available). siRNAs were introduced into HepG2
cells using the Lipofectamine RNAi MAX reagent (Invitrogen)
according to the manufacturer’s instructions (reverse transfec-
tion method), using 3 nM siRNA per 1 X 10° cells/ml per well of
12-well plates.

Immunoblotting—SDS-gel electrophoresis and immunoblot-
ting were performed as described, using a LAS-4000 lumino-im-
age analyzer (Fujifilm, Tokyo, Japan) (20). RIPA buffer (1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mm
NaCl, 50 mm Tris-HCl (pH 8.0), 5 mM EDTA) was used for cell
lysis.

Chromatin Immunoprecipitation (ChIP), ChIP-chip, and
ChIP Sequencing (Seq)—Sample preparation for ChIP-chip
analysis was performed as described previously, using anti-
Smad2/3 (BD Biosciences) (11, 21, 22). Briefly, ChIP and con-
trol input DNA samples were amplified by two cycles of in vitro
transcription and hybridized on separate Affymetrix human
promoter 1.0R oligonucleotide tiling arrays (Affymetrix, Santa
Clara, CA). Enrichment values (ChIP/control input DNA) were
calculated using the MAT algorithm, and Smad2/3 binding
regions were determined using detection p values of 10™* (23).
For conventional quantitative anti-Smad2/3 ChIP-quantitative
PCR (ChIP-qPCR) analyses, cells were cross-linked with 10 mm
dimethyl adipimidate (Thermo Scientific) for 30 min at room
temperature before formaldehyde fixation. Bioruptor UCW-
301 (output: H, 2 cycles of 30 s of sonication with 30-s intervals;
Cosmobio, Tokyo, Japan) was used for sonication of ChIP-
gPCR samples. Sample preparation for ChIP-seq was per-
formed according to the manufacturer’s instructions (Illumina,
San Diego). The obtained read tags were mapped on the NCBI/
hg18 human genome assembly using ELAND (Illumina). Cis-
Genome was used for the calculation of significant HNF4a
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FIGURE 1. Identification of Smad2/3 binding regions in HepG2 cells. A, Smad2/3 binding to the SERPINE1/PAI-1 locus in HepG2 cells. MAT scores were
plotted at the SERPINET and HPRTT loci to obtain a graphical representation of Smad2/3 binding in these regions. Significant Smad2/3 binding regions as
determined by detection of p values of 10™* are shown by black bars. B, percent input values of Smad2/3 binding compared with input genome as determined
by ChIP-gPCR. Cells were treated with 120 pm TGF- for 1.5 h. Cells were cross-linked sequentially with dimethyl adipimidate and formaldehyde. Error bars

represent S.D.

binding regions (one-sample analysis, with default parameters
and a false discovery rate (FDR) of less than 0.1%) (24).

Motif Prediction and Mapping—CisGenome was used for
both de novo motif prediction and motif mapping of Smad2/3
ChIP-chip and HNF4a ChIP-seq binding regions. Cis-regula-
tory element annotation system (CEAS) was also used for iden-
tification of known motifs in Smad2/3 and HNF4a binding
regions (25).

Quantitative PCR Analysis—Quantitative real time PCR
analysis was performed as described previously (26). Amplifi-
cation data were quantified using the standard curve method.
Detected signals were confirmed to be specific by a dissociation
protocol. All samples were run in duplicate or triplicate, and the
results were averaged. Sequences of the primers are available in
supplemental Tables S1 and S2.

Reverse Transcription-PCR and Expression Microarray
Analysis—Total RNAs were extracted as described previously
(26). First strand cDNAs were synthesized using the Prime-
Script2 reverse transcriptase (TakaraBio, Shiga, Japan). The
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experimental procedures for GeneChip (Affymetrix) were per-
formed as described previously (11) using the GeneChip human
U133 plus 2.0 oligonucleotide array (Affymetrix). Microarray
Suite software 5.0 (Affymetrix) was used with a target intensity
of 100. Data from one array were obtained for each sample.
Promoter Reporter Constructs and cDNA Constructs—The
human MIXL1 promoter reporter (MIXL1-WT-luc, —583
to —8) and its mutants were constructed by a PCR-based
approach and cloned into the pGL4.10 (Promega, Fitchburg,
WI) vector with a minimal luciferase promoter sequence
(11). Primer sequences used for the construction of MIXL1-
mutl-luc were 5'-GCAGGGGTGGTAAATAAATTTAGGGT-
TATCGGGACAGACGGGAC-3’ and 5'-GTCCCGTCTGTC-
CGATAACCCTAAATTTATTTACCACCCCTGC-3". The
primer sequences for the construction of MIXL1-mut2-luc
were 5'-TCCCCGAGCCCTTAGGGTATTACACCGCCCC-
GCCTTC-3' and 5'-GAAGGCGGGGCGGTGTAATAC-
CCTAAGGGCTCGGGGA-3'. MIXL1-luc reporters with
mutations in Smad-binding elements were also constructed by
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FIGURE 2. Comparison of the Smad2/3 binding regions among different cell lines. A, Venn diagrams showing the overlaps of Smad2/3 hinding regions in
HaCaT, HepG2, and Hep3B cells. Numbers in the circles indicate percentages of the Smad2/3 binding region of each cell line (red, HaCaT; black, HepG2; blue,
Hep3B). B, identification of a motif conserved in HepG2-specific Smad binding regions. Partial genomic sequences within 250 bp from the peak positions of
HepG2-specific Smad2/3 binding regions (n = 2,955) were analyzed using the CisGenome Gibbs motif sampler. Default parameters were used for the
calculation, except for the numbers of motifs to be identified (n = 10). Matrix datum of the motif calculated by CisGenome was graphically shown using the
Seglogo function of the R software. C, HNF4a-binding motif that matched the predicted motif in HepG2-specific Smad2/3 binding regions. The JASPAR CORE
data base was used to identify known transcription factor binding motifs similar to the calculated matrix data in B. An HNF4a motif (ID: MAO114.1) was
identified as the most similar motif with a comparison score of 21.3, which reached 96.9% of the potential maximal score. D, frequencies of the HNF4a-binding
motif in Smad2/3 binding regions. Presence of the HNF4a-binding motif in each Smad2/3 binding region (within 250 bp from the peak signal position) was
determined using CisGenome. Frequencies of the motif in either HepG2- or HaCaT-specific Smad2/3 binding regions were then calculated. As a control,
matched genomic regions to HaCaT-specific Smad2/3 binding regions were obtained using CisGenome, and the frequency of the HNF4a motif was deter-
mined. £, expression of the HNF4« protein and phosphorylation of Smad2/3 in HaCaT and HepG2 cells. Cells were treated with TGF-S for 1.5 h, and the
expression of each protein was determined by immunoblotting (/8).

PCR (see Fig. 6D for sequences of the mutants). HNF4aand its  fected 24 h before reporter transfection. All samples were pre-

C115R mutant were constructed by a PCR-based approach pared in triplicate, and results were averaged.

using the first strand cDNA of HepG2 cells as a template. The Statistical Analysis—The Tukey-Kramer test of R program

sequences of all cDNAs constructed were verified by was used for multiple comparisons of data. The ¢ test was used

sequencing. for two-sample analysis. p values of less than 0.05 were consid-
Luciferase Assay—Cells in 24-well plates were transfected ered to indicate significance for each experiment.

with different combinations of promoter reporter constructs

and expression plasmids by using Lipofectamine LTX (Invitro- RESULTS

gen). The total amount of transfected DNA was adjusted to the Identification of HNF4a-binding Motif in HepG2-specific

same amount using an empty vector. Twenty four hours later, Smad2/3 Binding Regions—To determine Smad2/3 binding

cells were treated with TGF-$ for an additional 24—48 h and  regions in HepG2 hepatoblastoma cells, we stimulated the cells

lysed. Luciferase activities in the lysates were measured using with TGF-B for 1.5 h and fixed them with formaldehyde to

the Dual-Luciferase® reporter system (Promega) as described  cross-link genome-bound molecules to DNA. ChIP on

previously. For normalization, cells were co-transfected with  microarray analysis (ChIP-chip) was performed according to

pGL4.75-5V40-hRluc. Where indicated, siRNAs were trans-  the established protocol using an Affymetrix human promoter
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array (22). Obtained image data were analyzed using the MAT
algorithm, which provided enrichment values of the ChIP sam-
ples for every promoter region, compared with the input
genomic sample. There was significant Smad2/3 binding to the

promoter region of the SERPINE1/PAI-1 gene as observed pre-
viously in the ChIP-chip analysis of Smad2/3 bindings in
HaCaT cells (Fig. 14, upper panel) (11). In contrast, there was
no significant Smad2/3 binding to the HPRT locus that served
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