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Bone morphogenetic protein(BMP) &, HitHekN CEATEEILZFE TS 17 A& U THA
Itz LEG, BHAE, BMPORGERICBW T EHHMIRO LA ZIIH L, & 5ITEFEAD
MEEFET B 2R L. A2 TlE, BMPIZ X 2 @3Elah S & Elao/MbikEic
B % Smady 7 F IV OB #5395, BMP2ZAAIL, #55HHA+ Smadl/5/80 CRURI AT
B9 52001 ) VEEEY Vgkd S ETHIRRNS 7L EER LT 2 EA 5N TS T e
5, V) UEELEN 7 A08T F BRI E L U 722 FiK Smad1 (DVD) Z/ERI L /2. Smad1(DVD)(Z,
RIS Y Smadl & U T Smad4 & I fitFfiiia C2C120 & il b 2758 L. —75, o
{LOIHIVER L, Smadl(DVD) X D & Smad4f7fE FTiE< iR 5 N7z, SmaddliTBIT> 7 IV
(NLS) Z{sfhn U 7z NLS-Smad4id, C2C12HIfE D i /b 2258 /)i L 7z. NLS-Smad4id, MH2 R X 1 >~/
BRIET B L EINRIEE 2 SR, MHL R XA VR RET S Eicinfbz et Lizc &b,
Bif817T U7z Smadd W MH2 R A 1 > %2/t LT 70+ & MHEAER U THiMbZ24ifild 2 & & 2 bk,
Smad4 & HEAEH S Bkl & LT, Zn* 7 4 Y H—E B3 FF ) —ERE# D E4F1 %
6@ L7z, E4F1E, Smad4d MH2EI L #5E L, @REIFETHOEEMEI Lz, F7z, C2C1241E
ONEMEAF1Z /v 7 X7 3% &, BMPIFE FCHEHibhRd 5Nz, DLEORRN S, BMP
I X B EIFMIOEAE & it OMHIfER X, &5 5 ¢ Smady 7 IVEEICKIEL, &
TERIMA DO MEEAE X ) (b Smadl & SmaddDWFHTER, B b OHENIEIT L7z Smadd &

E4F1E DiaEIC K > THIEE NS T eI Exo T,

e

i

Bone morphogenetic protein (BMP) (%, s {b-oks
5id, HEAE7R £ & Hilf# 9 % Transforming growth factor-
B(TGF-B) Z—/8—T7 7 IU—IC BT HY 1 R A A
Th3". BMPEHHMANCERT L, Zlicd
Bzl T DB K ZEE T 5 &ML N
TW52Y, RPN 38U % BTt O FIE R IE BMPIC
Fh CHREFNZAER TH D, TGF- 1%k CH ik
WEYRYA M hA V2B L CEEENZRET %
TrIFTERVY. B, BHEEMiE (Coc12fie) %
BMPT#E FCHi&ET % &, G AD 2 LA
h, RODICEFMIENDMENFEEI NS &2
RV U, I B0 35l Lk
EH & BMPREEIYT, ik z2 8] d 2 o A BEE
YR BHMIEANDO ML EFE L RN, chb Ok
SU&, BMPICHRFEINZITEN & 7' F IARERRE DT
A 11035 PR214E3H27H GaRIERKSS)

Ml 5 B HHRANDMEZ A ET ST L 2RE LT
b, ToC2C12fliflaZz FH 7z BMPIC X % & 2Effa
DIMEFFEE T IVIE, BMPOFIEAN Y 7 F )Lz fighrd
HETIVERRE LTEHNNTIALS HOLEN TN 5.
BMPOMIFEAN > 7 Fid 1B e TRIC FEE N % i
BHaflvy v AL A = FF =R K > Tl
I NBMO, BMPEASS L TRAZAMAE, 1L
72— OHIRANTEEICFET 22 e T 2 UK
HICEATZEGS R AL eI A HEZ Y Vgt L,
2R DFF—E 2 kT 5. HH bz 13
TR, HIVEIC{FE(ET 5 Receptor-regulated Smad
(R-Smad) &PM-EN % Smadl, Smad535 & UFSmad8d C
ARIGICHFIET B2 e NY Ve ) UREN 525
SVSEF—T D200t VEEAEY VEE L, Thb
ORI TR 2 e LT 5. £z, EHE I N
BMPZ A4, p38 Mitogen-activated protein kinase (p38
MAPK) EF&1HELd 2 2 &N TS, U Vig(k
TN 7zRSmad 257 7%, MIIEICAFET % Smadd 157
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FENTUIEEREGIRZIEKR L, #%AB1TL TDNA
D GCEEHNT & A T2 R R I 7 S LB Y1) 7 B0 U TS
AL, EHEE T OREZHIET 5. FA kN T
JV—T L3 MNTIC, BMPY 2 )V OREREIEF D 1D
& U Tl bz i3 % helix-loop-herix! O ifin & i
Ry Id1ZFEEL, R TYD TZEDS Lk 1.0 kbt
SEIC, BMPHIBEAZAIIC Smadl/5/8 & SmaddD#E &4k
WSS T % GCHEYICE ATz 2955 5D BMP-responsive
element FWE L7,

TR L MERRHE R E AGE (Fibrodysplasia Ossificans
Progressiva, FOP) &, fhfHik TSRO EI TS
HHEIBEMERETHS. i, FOPOE(MEIE &
LU CBMPOD [ BIZRAD—FETH S ALK2Z I— Rg
% ACVRUELFDEEE NI, Biald, ENTHR
TN TV 5 FOPSERFI DR LAY § % 1961 DWW T
BRFT 21T, 2 CTICACVRUE(EFD 6178 H D
HGOWAL S TenT nEAERZ R Uiz, O
TAEEIX, ALK2D206%H D7 )VF = U idkE v X F
VU ER Y S, FklZ, TDALK2(R206H) D
HERERYZS B2 DR C2C1272 -l LT L, TSI
BRI T, THABMPE OFEEIHKIFHICHERENC TS
ML NFZBMPZAATH D, i< Smadl/5/8M 1)
fglbEnzc ezHLM LY. it-> T, FOPIZEBLY
% B AEIC BV TE, BMPRZAKOTE L L Z
O FHTHEC % Smadl/5/8D V) VLA ETE R IC EE
BT eI ENT.

S, gk, VUL SmadDBFIERICE T B 1%
B2 RS 5 HINT, SmadldCRERD2DDE ) V5%
Fie 7 28T F VI E L U T & ¥k Smad1(DVD) 7%
EBIL 7z. Smad1(DVD)!%, BMPIETE/E R C & Smad4
AFHYIC C2C12HIRA DB HFRIEND ML 2 7B E L 7.
—77, C2C12MIfEDfi571k1d Smad1(DVD) & © & 41
JAfEd % Smad4ic K> THIHIE N2 Z EAHBHL 7=.
Smad4 EMHEANEH T 570 72 PRE LTAGR, E4F1E
WEN2ZnT ¢ v H—EE3LC FF ) H—PORESE
TR OMEBIN T ZAES 5 LIk Uiz, E4F1D
WEEFEII b2 IH L, Smad4d®O MH2 R XA >~
ICHEBT BT e, E6Ic, C2C12flili N E4F1
B w7 B g B & BMPIEE R CE b AL
SNBTENASh EES T, NS DREEIE, BMP
IZ K BRI S &R O LS D Smad &~/
TFNVENLTNSE T ZRL, TNFN, Sk
ANDEIF V) VL E N7z R-Smad & Smad4, #io7{b
OIHNIMN Smadd & EAF1OF HAEHIC & > THilfE
SNZAREM RS 5.

MEELUAZE

FHANRT Z—DREER:
<7 Z DA Smadl £ Smad4 ¢cDNAIZ, TRIzol
(Invitrogen, Carlsbad, CA) 7\ THliiH L7z C2C12

IESTA

Mz o4 RNAZ#%! & LT, Platinum Pfx DNA
polymerase’z > C Polymerase chain reaction (PCR)
Bcru—=rJ Lk, EHiC, ThH5%ZpCMV2-
FLAG (Sigma Aldrich, St. Louis, MO) @® Hind III &
Xba IYJWrEAL ISR A UTe1kiC > — o 0 A 7z Tk
U, NARUHIFLAGZ 772 hnd 2FHENT 2 —7 i
L7z, SmadliB XU SmaddDZFIARIE, BRI
N7 Z—7z @R & U T Platinum Pfx DNA polymerase
(Invitrogen) ZflW/=PCRIEIC KD, 1V 463&
YV U465 T ANTFUMETITT T IcE
U CIERL L 72 (Fig. 3A). SmaddZ ¥ kl%, Fh
ZNSVAOH R D17 7 F )V (NLS) PPKKKRKV
DAFI (NLS-Smad4), 77 3 /[ 2-138% R H /-
NLS-Smad4(AMH1), 7 I /% 316-552% RKE
72 NLS-Smad4 (A MH2) Z{E& L 7z (Fig. 6A). X7
A E4F1 (accession #BC057011)i%, C2C12fifiah
S5RT-PCRIETC/7u—=>7 L, CREGRICFLAGR 7
ZAHINY % pcDEF3-cFLAGR 7 2 —lc 7 a—=> 7
L7, E4F1(AE3)IX, E32VFF U H—ER
A A (40-84 a.a) =/RIEHT-. E4F1 microRNALZ
Mmi508063 (Invitrogen) ZHE A L, pcDNA6.2-GW/
EmGFP-miR (Invitrogen)ic Y7 7 a—=>%L7=.
M EB L UOC RS AT v a .

YA C2C12, ~ v A K HESE A
C3H10T1/2, BXU 7 7V H I FUYIVEHE COS-7
&, 15%FBS7% %15 Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma Chemical Co.) THf#L72>". &7/
bld, 2.5%FBSZELDMEMICYID % 52 & T
PE L7z, C. Dengfdi1: (National Institute of Health)
X 0 5 & N R AR L 0D Smadd™ " 7 2
AL, 11L.5HSDAEN % 0.25% Tripsin-EDTA TAL
i, ) A s L—7F— 40 pm (BD Falcon, Bedford,
MA) THEL T~ v AR EARHELF MR (MEF) Z
# 1 7z. Cre recombinaseZ 33 %757 /7 IV A
(AXCANCre) % MEFICES S B 7218, & HIC48KERES
#2115 CHEMED Smadd# REE -, av bo—
JU & L T human histon 2B-GFP unit (AxH2BGFP) ¥£IH
7T 4 VARG 12, Smada™ " MEF
730 M L, ZE@ N EE5E S 2 fifait» S R A
PUEIC K > Tra— ML UT=HIakk # 1672 HUS L 7z,
FNZFNOMAIL, 100 ng/ml recombinant human
BMP-4 (R&D Systems, Inc) TR L 7z. MAP kinase
B XU BMPHRE Smad s 7' )RR RS D RV H 541
L LT, ZNZN, U0126, SB203580, SP600125 (Merck,
Nottingham, U.K.), Dorsomorphin (Calbiochem, San
Diego, CA) ZffH LY. 7IAXAIRDIIT VAT x
77> 3 V& Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) ZfEH L, 96/ L— D% )27 D 200 ng
D7Z A RDNAEL 0.5 uld Lipofectamine 20007 fu>
Tiro72".
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RFEROB XTI TRAZ Ty b

DUFOfusZ g, YT A2y 7ay M B
KO RO — Pk LTHEA L. #1324
v EE (MHC) $ifk (clone MF-20, Developmental
Studies Hybridoma Bank, lowa City, IA), 1 Myogenin
Hifk (clone F5D, SantaCruz, Santa Cruz, CA), #i
FLAG#Hif£ (clone M2, Sigma Aldrich Chemicals), #1
Myc#ifk (clone 9E10, SantaCruz), 47 Myc polyclonal
Pk (Medical & Biological Laboratories Co., Nagoya,
Japan), $1iSmad44ifk (clone B-8, SC-7966, SantaCruz),
1 V5Fifk (P/N46-0705, Invitrogen), $1i E4F1 antibody
(Bethyl Laboratories, Montgomery, TX), 1 Phospho-
Smad1/5/8 polyclonalfiif& (Cell Signaling, Beverly,
MA), 1B -actinfifk (I-19, SC-1616, SantaCruz). 5%
RCBNTIE, JIXU A, fivdE, £REhvE
IgG - RPEE LT, CARNT7AY YVTIVAT
4 >F v k (Nichirei, Tokyo, Japan), % 7zl Alexa488-,
Alexa594-conjected#/ifk (Invitrogen) Z{#if L CaJ
#Hit Lz, v RA% > 71y b TlE, houseradish-
peroxidase-conjectedfi~ v A, Fizldhio v k
IgG¥Hifk (GE Healthcare UK Ltd, Buckinghamshire,
England) Z{#H L 7z.

TIVHI ITAAT 7 R—PELON T T2o7—E T v A1

BIROS b —h—E LT, 7IVAV T+ AT 7
% —¥ (ALP) DE#E75 1 7% p-nitrophenylphosphatase %
HEWCERLEY. VY7 25—¥7 vt~ Dual
Glo Lucifease Assay System (Promega) =i\ CiE&®E
U7z, b fstie LT, B8R s 5 IR 7 ¢
& % MyoD®D 7' &— Z — Iz flIHIA AL TZ pGL3IMG-185
L R—%— (K. Kawakamif#i X 0 fit5 2 ) % 7z,
BMP® Smadfi{Fiy> 7 )Li&, Smadl/5/8DFEiE
{5F T % 1d10D BMP)SE s 72 fH A IA A 72 IAWTAF-
lucL R—=2—2TERE L. ZhFN, phRL-SV40
(Promega, Madison, WI) Z[AlFIC NS A7 27 b9
5T & T L .

JEHEERE T v 1 .

4-cell stage® 7 7 1) 717 A H )V DOHIHAMES T,
in vitro THE5. L 722 Smad 1O mRNA 500 pg7z A >/ Y =
gvarl, BETZEEROKEAIEDOFEE (Dorso-
anterior index, DAI) ZJZREAIVICERIL L7222,
RT-PCRIEIC K % 38 n 7 FEBI D 2 -

C2C12flifa D&Mk DfstE L LT, RT-PCR
B KB FREAZHEI L. 79 10—<-1%, DL
TOMAEREEHWZ?. ALP forward, 5-GATCATTC
CCACGTTTTCAC-3’; ALP reverse, 5-TGCGGGCTTG
TGGGACCTGC-3’; Osterix forward, 5-TTAAGCTTGC
GTCCTCTCTGCTTGA-3’; Osterix reverse, 5-TTTCT
AGATCAGATCTCTAGCAGGTT-3’; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) forward, 5-TGAA
GGTCGGTGTGAACGGATTGGC-3’; GAPDH reverse,

5-CATGTAGGCCATGAGGTCCACCAC-3

7w R

BMPIC X % i (b O il & 5 T A~ D/ (L iEE 13
Smadikfzi) > 7 FIVIc k- Tl E N3

C2C12 HEFfAalE, BMPALERIC X - THisEA
flEn, SEHMEAOMEFEEI NS, 22T, %
IHIHIC, BMP-4%HWT, C2C12HIaDHi /b
il & B DB AN D RSB A B 7 e/ MULER R R 72
#f U7z (Fig. 1A). C2C12 fifa7Z Fig. 1Al RT X 91T,
100 ng/ml D BMP-4 TR U 7212, BMP-47%2 3%
FRWEI T 72 H F TR ARG L, i bofs
T 3H % MHC & Bl b DK T % ALP G
RS L. ZTORE, 72HMEICEHIT B MHCOH
BlE, Bh&D0.5 K[ BMP-4 CULERS % 7213 TIRULER
HEDH) 30% FEEIC £ THIHIE 7z (Fig. 1C-1D). —75,
BIHMRO M~ —H—TH % ALP ML, 9BFRILL
- BMP-4 T L 72 B T8 S N7z (Fig. 1B and 1E).

BMPH; M Smad Y 7 JUREES O R I E & C
3 % Dorsomorphin ¢ C2C12flifa = WL¥ 3 % &, BMP
f7#1£ F & MHCEEEOHififaic 2{b L, ALPOFEE
M E Nz (Fig. 1F-H). —J/5, MAP kinasefH ]
T&H % U0126, SB203580 5 & UF SP600125 THLFE L 7=
C2C12ffifElE, XIHEREED DMSOULEEE & [RRE D 7t
BRUBEFME T bREZ R L7z (Fig. 2). SB203580
WFREECIE, BMPIC & % ALPOBE DI & NizhS,
BMPIE(FAE FTOMHCORE LI TNz &h
5, MilEsticksbnDEZ 5N (Fig. 2).
RERR TS PERY Smad 125 BAR DRSS

BMPZAKIE, Smadifis & Hic T £ I Eailg
N> T FIERZIENL T 2 2 &5, Smadlcff
B E e 5 HINT, BMPRZAKICE T
U VXN % SmadlD463%FH & 465FHDE Y
Wi, VAN FUBHZHNET T IicEifil
FERHYTETE RS Smad1 DIE$L 7257 7z (Fig. 3A). BMP
OIS EBIEFTHBIAIDOIN Y T 2 TF7—E L KR—
2= T, 7% SmadlZ BA DR E G 7% LUt}
TBE, 2001 VIR T X85 F UEBICE
L 72 Smad1(DVD) T8V R BIE D RES b Nz (Fig.
3B). Smadl(DVD) D5 {HMIE, SmadddDa T
AT 7 a & EHIEEE NIz (Fig. 3B). —
77, BT 7 )0 (NLS) Z {4 hi U 7z NLS-Smad 11,
3 & A CIENEN 2R S 7ah o Iz (Fig. 3B). 1Y~
it Smadl/5/8%itkZE Wy T A AT oy k&
PR EE TR % &, B4R Smadlld BMPY 7
FIVEAZINTHTY ~BE(L Smadfifk TREik &5 DI
%L, Smadl(DVD)IZBMP 7' FIVIE(FEIE R TE L
RICIRFRE NI (Fig. 3C and 3D). WTAXZ V71w
DR S, Smadl(DVD) 7%z 3B & 87z C2C124
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Fig 1. Smad signaling pathway regulates both inhibition of myogenic differentiation and induction of osteoblastic differentiation
by BMP-4. (A and B) Examination of minimal treatment periods required for inhibition of myogenic differentiation and
induction of osteoblastic differentiation by BMP-4 in C2C12 myoblasts. (A) Scheme of treatment of C2C12 myoblasts with
BMP-4 in a window experiment. C2C12 cells were treated for 0, 0.5, 1, 9, 30, or 72 h with 100 ng/ml of BMP-4 (closed bars) and
further incubated without BMP-4 (open bars) until 72 h before staining. (B) The cells were doubly stained for ALP and MHC
in blue and red, respectively, at 72 h. Scale bar, 200 mm. (C-E) Quantitation of effects of BMP-4 on myogenic differentiation
and osteoblastic differentiation of C2C12 cells. Western blots for MHC (C and D) and measurement of ALP activity (E) were
performed on day 3. (F-H) Effects of Dorsomorphin on BMP-induced differentiation in C2C12 cells. C2C12 cells were pre-
incubated for 1 h with 3 pM Dorsomorphin (DM) and 100 ng/ml of BMP-4 was then added. (F) The cells were doubly stained
for ALP and MHC on day 3. Scale bar, 400 pm. MHC levels (G) and ALP activity (H) were measured on day 3. Values are

means=* S.D. (n=3).

faci&, BMPY 7 FIVIELELE R CHIY Vgt Smad LIS DHEEBRZR TR T B7DIC, 77V AV AHT
UK E N D DF, WNEMESmadk b EBEFED  IVOYIIKICE mRNA%Z A Y 273> L, BMP
LV Smadl(DVD) TH % T L Wik E iz (Fig. 3C0).  {HMEDISIETH 2 EHAHEIEEZMET LTz, ZDR5R,
Smadl(AVA) X, WINDEM FTE#HiSmadl/5/8 Smadl(AVA) I > b a— ) LR & [FEIRRIC 4 < IERIME %
FUATIIERE S Nah oo, EikkETSmadl & T &9, #H4M SmadliZEMICIENILZFE L 7=
SmaddDFEBHEERMEI LIz T 5, % SmadlZEH{kld  (Fig. 3F and 3G). —J7, Smadl(DVD) mRNAZ% A1 >/
[AIFEEEIC Smadd & A L Tz (Fig. 3E). V7 b UTeWIHAR TlX, BMP mRNAZERA Y o
T5IC, ERILU Tz SmadlZEADTEMEZ C2C125ME 7 F L& L RIkkIC, TmICHEANEZFE T % C



BMP I & 5 i Uil 5 & il

A DMSO

uo126

DELFHFEIC BT B Smad > 7 UK D] T15

SB203580 SP600125

¥
o
s
om
+
B DMSO U SB SP
BMP-4: - + - -+ +
o-MHC . ‘ . 250 kDa
o-P-actin |—-— C ——— . S a— 45
16 1 O - BMP
C
g 127 M + BMP
©
O 08F
@ I
S o04f
0 L —
D DMSO u SB SP
<
=5, 01 - BMP
23 M + BMP
o £
o C 1
9]
38
)
S 0
= DMSO U SB SP

Fig 2. Effects of inhibitors of MAPK kinase on BMP-induced differentiation in C2C12 cells.

(A) C2C12 cells were pre-

incubated for 1h with 10 pM U0126, 10 uM SB203580, or 0.5 pM SP600125 and 100 ng/ml of BMP-4 was then added. The cells
were doubly stained for ALP and MHC on day 3. Scale bas, 400 pm. Myogenic and osteoblastic differentiation were determined
by expression levels of MHC (B and C) and ALP activity, respectively (D).

EWHEMN L7572z (Fig. 2F and 2G). DL EOFEE M
5, Smadl(DVD)!Z BMP % F )LIEKIFHICTE (L
ENTAIREBICH B, KEKITEER Smad1ZEYATH %
CEMNHEMN RS T

BMPIC & 5 EHHIa S bid Y ~#E(k Smadlc X - Tak
BHXIN%

BMPIC X % BN DO S EEAEEIC 1) % Smad >
TFIVIREE DI E| Mt 3 %728, HADIER L
% Smad 128 ¥k 7z C2C124IHEIC @ FIFEE X 8T ALPTG
PEZRlE Uz, #% SmadlZ B A L Smaddz I ~ 5 2 &
77 b UGS, ALPIEMED LRI 2 EANED S
N, HCSmadl(DVD) & SmaddD A S5V AT =7 b
TALPIEMEDMEE & Nz (Fig. 4A). & 51, RT-PCR

ETHFMRRO M —H—DFRBZRF LIz & T
%, Smadl(DVD) & SmaddD I FT VAT =7 M
KD, ALP& Osterix OFIEMN I L 7z (Fig. 4B). X
12, %% SmadlZ B AN BMPZ KD RE I Ik %
WZRETS 578, FKNTEES BMP2SIATH %
BMPR-IA(Q233D) & C2C12/Ifdica VSV AT =7 k
L. 5% &, B4R Smadlf#(E N T3 ALPHEIEDYE
AHIC FR L7274, Smadl(DVD)TELE R Cldds L AALP
TEVEE 9 2 EmAERD 5 Nz (Fig. 40). T OfGHR
&, B4R Smadl D BMPRZAADIE & U CiEME b
INB T EZ2MERRT 5 &I, CRunDY VB EENL
NEHRREAT B EZARRIC K DEM b ZIHET 5 C
ERMET B, EHIC, KEAATETER BMPRZAAN
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MH1 Linker MH2 120
b
1_: ” £ 100
463 464 465 ‘g
Wild-type ~ S1(SVS): Ser Val Ser g 80
@
S1(DVS): Asp Val Ser S 60
Serp»Asp S1(SVD): Ser Val Asp E]
S1(DVD): Asp Val Asp 2 40
S1(AVS): Ala Val Ser § 20 ’l‘
Ser» Ala S1(SVA): Ser Val Ala == . - .
S1(AVA): Ala Val Ala Vec SVS DVS SVD DVD AVS SVA AVA NLS Vec DVD
-Smad4 +Smad4
C Vector 1A(Q233D)
VWDAVWDA
IP: o-FLAG ‘ — ‘ kDa
- 60
IB: a-P-Smads
F
IB:oc-P-Smads‘ = <= kfso

B:o-FLAG | NS eme) 60
IB: a-V5 “.'65
E VWD A N F

PraFLAG | R iR 60 kDa
I1B: a-Myc *
Bio-Myc ) o5
IB: o-FLAG | “‘ &

DAI (dorso-anterior index)

Viability Average  Others
5 4 3 2 1
Control (13:0) (93?1) (O(.)O) (o(.)o) (O(.)O) (0(.)0) >0 (2?9)
Smad1 WT (13;0) (2?9) (ei?n (23.6) (8:.38) (o(.)o) S04 (21.9)
Smad1(AVA) (13510) (si?s) (O(.)O) (o(.)o) (090) (o(.)o) >0 (1:7)
Smad1(DVD) (13:0) (0(.)0) (O(.)O) (225) (22.5) (417(.31 ) e (0(.)0)

Fig 3. Establishment of a constitutively activated Smadl. (A) Construction of mutant Smadl. Serine 463 and/or 465 at
the carboxyl terminus of mouse Smadl was substituted by aspartic acid or alanine. (B) Transcriptional activities of Smad1
mutants in luciferase assay in C2C12 cells. Wild-type and mutant Smadl were transfected with IdWT4F-luc in C2C12 cells in
the presence or absence of Smad4 (n = 3). Note that Smad1(DVD) activated reporter activity even in the absence of Smad4.
(C and D) Smad1(DVD) was recognized by the a-phospho Smad1/5/8 antibody. C2C12 cells were co-transfected with empty
vector (Vector) or V5-tagged BMPR-IA(Q233D) (IA(Q233D)) and an empty vector (V), Flag-tagged wild-type Smadl (W),
Smad1(DVD) (D), or Smad1(AVA) (A). Whole-cell lysates were immunoprecipitated (IP) with «-FLAG antibody followed by
immunoblotting (IB) using «-P-Smads antibody to detect the mutant Smadl and endogenous Smad1/5/8. (D) C2C12 cells
transfected with Myc-tagged wild-type or Smad1(DVD), Smadl(AVA), or NLS-Smad1l were stained with o -P-Smads and o -Myc
antibodies without BMP stimulation. Note that Smad1(DVD) was detected in cytoplasm with «-P-Smads antibody. Scale bar,
25 ym. (E) Interaction with Smadl and Smad4. COS7 cells were co-transfected with Myc-tagged Smad4 and an empty vector
(V), FLAG-tagged wild-type Smadl (W), Smadl1(DVD) (D), Smadl(AVA) (A), or NLS-Smadl (N). Whole-cell lysates were
immunoprecipitated (IP) with a-FLAG antibody followed by immunoblotting (IB) using «-Myc antibody to detect Smad4
(S4) in complex with Smadl. *, IgG. (F and G). Ventralization-inducing activity of Smadl in Xenopus embryos. (F) Xenopus
embryos at four-cell stage were injected with 500 pg of synthetic mRNA of wild-type, Smad1(AVA), or Smad1(DVD) into the
dorsal marginal region. (G) Dorsal-anterior index of Xenopus embryos induced by Smadl. Values smaller than 5 indicate
degree of ventralization.
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Fig 4. Smad1l(DVD) induces osteoblastic differentiation of C2C12 myoblasts. (A) Smad1(DVD) induces ALP activity in C2C12
myoblasts. C2C12 cells were transfected with one of the Smad1l constructs in the presence (closed bars) or absence (open
bars) of Smad4, and ALP activity was measured on day 3. Values are means=S.D. (n=3). (B) Smad4 enhances Smad1(DVD)
activity. C2C12 cells were transfected with empty vector alone or Smad1(DVD) in the absence or presence of Smad4. RT-PCR
was performed on day 3. (C) Synergism between Smadl and a constitutively activated BMPR-IA receptor. C2C12 cells were
transfected with one of the Smad1l constructs in the absence (open bars) or presence BMPR-IA(Q233D) (closed bars) , and
ALP activity was determined on day 3. Values are means®S.D. (n=3). (D-G) Effects of Smad4 deletion on the osteoblastic
differentiation induced by BMP-4. (D) MEFs prepared from Smad4™*™**! were infected with adenovirus expressing
Cre recombinase or EGFP. The cells were stimulated for 30 minutes with 100 ng/ml of BMP-4 to induce phosphorylation
of Smad1/5/8. (E) Adenovirus-infected MEFs were treated for 3 days with 100 ng/ml of BMP-4, and ALP activity was
determined on day 3. Values are means+S.D. (n=5). (F) Deletion of Smad4 by Cre-virus in clonal cell line # 16 prepared from
Smad4™¥/ ™! MEFs. (G) Dose-dependent induction of ALP activity by BMP-4 in clonal cell line # 16 infected or not with Cre-
virus. Values are means=S.D. (n=3).
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Fig 5. Smad4 is involved in the inhibition of myogenic differentiation.

(A and B) Smad1(DVD) inhibits myogenic

differentiation only in the presence of Smad4. C3H10T1/2 fibroblasts were co-transfected with MyoD and empty vector (Vec),
Smad1(DVD), Smad1(AVA), or NLS-Smadl (NLS-S1) in the absence (upper panels) or presence (lower panels) of Smad4 (A).
Myogenic cells were immunostained for MHC (red) on day 5. Scale bar, 400 pm. (B) Fusion index was determined in the
presence (closed bars) or absence (open bars) of Smad4. Values are means®=S.D. (n=3). *, p<0.05. (C) Smad4 is required for
suppression of transcriptional activity of MyoD by BMP-4. MEFs prepared from Smad4™*"*! were infected with adenovirus
expressing EGFP or Cre recombinase, and then the transcriptional activity of MyoD was determined in the presence and
absence of 100 ng/ml of BMP-4. Values are means=S.D. (n=10). *** p<{0.001. (D and E) Smad4 is essential for inhibition of
myogenic differentiation by BMPs. Clonal cell line # 16 infected or not with Cre-virus was transfected with MyoD and stained
for MHC on day 5 (D). (E) The numbers of MHC-positive cells was counted in cultures prepared as in (D).
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(A) Scheme of construction of FLAG-tagged Smad4 mutants. (B)

Cellular localization of FLAG-tagged Smad4 mutants in C3H10T1/2. The cells were immunostained with «-FLAG antibody.
Scale bar, 25 ym. (C) Effects of Smad4 mutants on myogenic differentiation. C3H10T1/2 cells were co-transfected with MyoD
and one of the Smad4 constructs and immunostained for MHC on day 5. Scale bar, 400 pm. (D) Fusion index was determined
from cultures prepared as in (C). Values are means=S.D. (n=3). *, p<<0.05. ;**, p<<0.01.
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Fig 7. E4F1 inhibits myogenic differentiation in cooperation with nuclear Smad4. (A) E4F1 and Smad4 overlapped in nuclei in
C2C12 cells. Flag-tagged E4F1 and empty vector (Vec), Myc-Smad4 (WT), or Myc-NLS-Smad4 (NLS) were cotransfected and
stained with o -Myc and ¢ -FLAG antibodies. Scale bar, 25 ym. (B and C) E4F1 interacts with Smad4 in vivo. (B) COS-7 cells
were co-transfected with FLAG-E4F1 and empty vector (Vec), Myc-Smad4 (WT), or Myc-NLS-Smad4 (NLS). Whole-cell lysates
were immunoprecipitated (IP) with o -FLAG antibody followed by immunoblotting (IB) using «-Myc antibody. (C) Whole-cell
lysates of non-transfected C2C12 cells treated for 1 h without or with 100 ng/ml of BMP-4 were immunoprecipitated with o -E4F1
or o -Sma4 antibody followed by immunoblotting with antibody in reverse order. (D) The MH2 domain of Smad4 is required for
interaction with E4F1. The interaction between E4F1 and Smad4 was determined by cotransfection of FLAG-E4F1 and Myc-NLS-
Smad4 (A MH2) or Myc-NLS-Smad4 (A MH1) in COS-7 cells. (E) Over-expression of E4F1 inhibits myogenic differentiation.
C3H10T1/2 cells were co-transfected with MyoD and wild-type E4F1 or E4F1(A E3) and immunostained for myogenin on day 3.
Values are means®=S.D. (n=3). *** p<{0.001. (F) Knockdown of endogenous E4F1 by transfection of a microRNA expression
vector. C2C12 cells were transfected with an expression plasmid of microRNA as a negative control (Cont), unrelated LacZ,
or E4F1. Whole-cell lysates were immunoblotted with ¢ -E4F1 antibody. (G and H) E4F1 microRNA abolished the inhibition
of myogenic differentiation induced by NLS-Smad4 (G) or a constitutively active BMPR-IA(Q233D) (H). (G) C3H10T1/2 cells
were co-transfected with MyoD, NLS-Smad4, and a microRNA expression vector as a negative control or E4F1. The microRNA
vector-transfected cells and myogenic cells were detected by expression of EGFP and MHC, respectively, on day 5. Scale bar, 50
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control or E4F1. Myogenic differentiation was determined by immunostaining for myogenin. Values are means®S.D. (n=3).
** p<0.01; *** p<<0.001.
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