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Wl 2 2 &1 & > T, ALK2 DML 2 3§ 2 AlREE 2R & iz, AWTSEIC
L DO THS &> 7 FOP @ ALK2 DG L X = X s IcdED %, 51,

HIALD FOP IGfEHEFAFE D AIEME & 7R S /e,

12



Abstract

FOP is a genetic disorder characterized by progressive heterotopic

ossification in soft tissues, such as the skeletal muscles. FOP has been

shown to be caused by gain-of-function mutations in ALKZ2, which is a type

[ receptor for BMPs. In the present study, we examined the molecular

mechanisms that underlie the activation of intracellular signaling by mutant

ALK2. Overexpression of mutant ALKZ from FOP patients in C2C12 cells

enhanced the activation of intracellular signaling by co-expression with type

II BMP receptors, such as BMPR-II and ActR-IIB, whereas that from heart

disease patients did not. This enhancement was dependent on the kinase

activity of the type II receptors. Substitution mutations at all 9 serine and

threonine (Ser/Thr) residues in the ALKZ2 GS domain simultaneously

inhibited this enhancement by the type II receptors. Of the 9 Ser/Thr

residues in ALKZ, T203 was found to be critical for the enhancement by

type Il receptors. In contrast to unmutated T203, neither ALK2(R206H) nor

ALK2(G325A) carrying the T203D or T203E mutation, in which the

13



threonine residue has been substituted with aspartic acid (D) and glutamic

acid (E) at T203, induced ALP activity in C2C12 cells, even in the presence

of BMPR-II and ActR-IIB. The T203 residue was conserved in all of the BMP

type I receptors, and these residues were essential for intracellular signal

transduction in response to ligand stimulation. The phosphorylation levels

of the mutant ALK2 related to FOP were higher than those of wild-type

ALKZ2 and were further increased by the presence of type II receptors. The

phosphorylation levels of ALK2 were greatly reduced in mutants carrying a

mutation at T203, even in the presence of type II receptors. These findings

suggest that the mutant ALK2 related to FOP is enhanced by BMP type II

receptors via the T203-regulated phosphorylation of ALKZ. Thus, it was

suggested that the differences between ALKZ mutants with respect to

sensitivity to BMP type II receptors might affect the clinical features of FOP,

especially the onset of heterotopic ossification.
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ik q23-24 1IfziE L. 18 BMP Z2%4A0 ALK2 % a2 — F$ % ACVRI DSF%E
SNt O, FIEME FOP SEH] & IFEM: FOP S Tld, ACVRI IZH@ D ¢.617G>A
ZHMREAE SN, TDERN ALK2 O GS F X4 Y INICZE T 5 206 ZBHO 7
N = ViR 2 e 2T VRILICHE (p.R206H) T4 2 LG E o 7,
ZDBOWFD 6. ALK2 @ R206H 28513, S ¥ I F 2 AU FOP 1T
HDoNBZEDRHEPER > TS, R206H 28 A L7k k ALK2 % C2C12
M BRFEBLS & % &, BMP JEfAE T Smadl/5 @V VB{LSEEE I 1,

HHMAT L~ — 2 —D ALP JEERFEE I L2 ™, Tk, YR FOP ER T
Fl%E S #17: ALK2 @ R206H 2RI BEREIESRIA R cbh 5 2 L #/R L, FOP
O BFEEALA BMP OMIENERISEROIEHIc k> CFESNE 2 L %
RN, ZOHRDIZIC KD BN CRATEEE 4 U BRI O 2
75 % FOPJEHIH & ALK2 DM 10 BN EO BB FEE S e Y,

i, FOP 28 ACVRI H—DZRIZ X > TR I 28 EHEETH S Z L2/
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WMEINTVS, 2o D ALK2 Z5RET AR X D SIEEMRCZ L2 6,
ALK2 ORRERRIIZR L ZZ o ™7, o1z, /INRKEEE O = % —
LERT S B, ALK2 RS E S e ™7,

HURIY) FOP (5 Cld. 1 0J%H1#: & 1D & ik ic Bprtk gtz 4 U,
G A v 7 VI FED T AV ARG K o TR Bt a2 3
TEMWEINTE Y R, ¥/ FOP JEHIH 58 L v ALK2 D2 Eik
p.G325A 23HEE S i 7, AREHITIE, SUEIY FOP REpl ¢ 2tk Bir kgt hak
FEIN DG T B E LR LU T, 47 8 FE TR EREL Tk
WA, 7 AV RIEGER FE D B RLBEE TSR P S A D FERE R I BT SR
Sk, BEE. B A BT LA R, SR FOP EH o ik
BILDAFFIAL L —F L Twie, T DEFEME FOP GEHITIE, JLAIRY FOP JEH]
& FERRIC AR DS RHIERR T 035780 & 1L *, 23S DIERD#E v 1, ALK2
? R206H Z ¥4k & G325A ZFUADMICIZ, BT ICENH 5 2 & 2RR
T %, % 2 TAMIFE TR, HiBIRY FOP Z5ATdh 5 ALK2 ¢ R206H Z54E & |
FEFENE FOP 22 6 FE S N7 B BIATH 5 G325A ZEMFKICE 1T 2N
7V OTEHACEEFF 2 RNT L 72, Z OfER. MZRAL S 11 H BMP Z5ED
¥ F—RIHKANICEE LI N2 b oD, 2REFNEEELT 2 1T BZAE
WELZZERHS L E kT, E512, ALK2 N0 11 BIZAEKIC K 2 ) ViR

DL DfENT D> & ALK2 @ GS F X A4 YNIZHhLET % 203 HHDO AL A =~
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FRIEDS, 1 BIZRARIC X 2 ALK2 0 VBLICEEZR Z L2 HwE Lk, 20
AL A=, ALKL, ALK3, ALK6 ICbHEETEh, BMP Ik 2 %
g B 2 2 T 2 2T 1 B BMP ZAKICB LT, 2OAL A=V
Bz LB VB LL VDD, > F P IOVIREBICEE R X =X

LAThHBI EZHONE LT,
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ME EFE
RN 5 —DEE .

By M ALK2 ¢cDNA X, t FEfiD 4> RNA (Clontech, Palo Alto, CA,
USA) 7> & Superscript I1I (Invitrogen, Carlsbad, CA, USA) Tifiliz’E L 72 cDNA
Z§M & L ¢, PrimeSTAR DNA polymerase (TAKARA, ¥#) %M\ <,
V5 & 73 & 117z pcDNA3 X7 & —Icifi A L 7%z, ALK2 & C Kiilc V5 %
7% AL 7276 polymerase chain reaction (PCR) #ETHIEL ., B oz
cDNA % pcDEF3 X7 % —™ ¢ BamHI & EcoRV YIWikAzIcHfi A L 72, ALK2
DR EEL (R206H™, G325A, L196P™, R2021, PF197-8L. Q207E. R258S,
G328R. G328W, G328E. G356D”, R375P, Q207D. A15G, H286N. R307L
B LU L343P) &, WAEMAEB Y & — 2§ L LT PrimeSTAR DNA
polymerase (TAKARA) % f\>7- PCR ¥Eic kb, BRAZEAL TERML 72,
HAW7-8 77 4 < —iEHES|% . Table 1 12779, & 512, PrimeSTAR DNA
polymerase (TAKARA) % \>7z PCR #I2 X . R206H Z 54k & G325A %
BURD GS P XA Y HDX Y Yz 7 7 = VIREEAN AL A = v EREE 2 N Y v
BNz Z @ L 72,

<7 A ALKI cDNA I, TRIzol (Invitrogen) % FH\>THiH L 72 <= 7 2 B,
<7 A ALK3 cDNA (3= 7 22tk C2C12 g, <~ A ALK6 cDNA &
< 7 AR D4 RNA % v, Superscript III (Invitrogen) THffizE L 7=
cDNA % #5112, PrimeSTAR DNA polymerase (TAKARA) # fi\v» PCR T

PCDEF3 X7 & —IZffiA L7, S 610, FEERMBEHR7 & -2 E L T,
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PrimeSTAR DNA polymerase (TAKARA) # F\>7- PCR ik D, ALKI
(T197V). ALK3 (T229V). ALK6 (T199V) ZHAZEAL /-,

v A ACtRIIA & <7 2 ActR-IIB 1, <7 AFiZfilark C2C12 fildo 4
RNA % ## & L. PrimeSTAR DNA polymerase (TAKARA) % T
Polymerase chain reaction (PCR) TR L 7z, 1854172 ¢cDNA % pcDEF3
Ry FZ—IZA L, CR¥ilc FLAG & 72 L 72, HEEL -7 & — 25
£ LTCPCR EICK D, ActRIIB (K241R) ZRZE AL, ¥ F—LiEMINEA
L7 1T MR 2L 7o AU ORI L 7242 TdD cDNA &, ABI 3500
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) % F\» Tkt
BLAl 2 MR8 L7z, & & BMPRILIE, BRI VRE GRS LK ofth L Tw

7=z,

HpaEEE NS VYR 7T 93V

< 7 ARk C2C12 flEIE. 15% 7 o BRRIMHE (fetal bovine serum;
FBS; Nichirei, #5{) % &% Dulbecco’s Modified Eagle Medium (DMEM;
Nacalai Tesque, 5 #E) T 37.0°C, CO, 2 5.0%DEE o5& L 7 ¥, C2C12
AfEE 1.6 10 /cm* DEEETHRE L, HH, 96 K7L — D17 21 dH7 D
200 ng 7’7 2 3 F DNA %, 0.5 ml @ Lipofectamine 2000 (Invitrogen) %
i L CTRBICR SNz 7 b a— VIiciewEEFEA LK, & FREHER
B HEK293A il . 10% FBS (Nichirei) % & ¥ DMEM (Nacalai Tesque)

THE L, 3x10Mlil/cm’ OFECREEL ., FH, £ 77 2 3 F DNA 2 #5758
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AL 7,

ALP ZHDAEEINY T 25— - LIR—9—FvtA1:

C2CI12 fifeic &1 2 & AR~ DL DIEE E LT, 96 /K7L — b I
&AL 72 fifido ALP oFEENEMEZ HI%E L 72, fifid% PBS (phosphate buffered
saline) 12 TP, acetone-ethanol VAR & iR T 1 LB L 72, ALP 1%
¥ . 1 mg/ml p-nitrophenylphosphate % & & ALP #lE#® [0.1 mM
diethanolamine, 0.5 mM MgCl, (pH 10.0)] ZH\>, ST 60 MG S &
7-#%. NaOH AR Z W L TGz 51k 3, @8 L 72 p-nitrophenol &%
R 405 nm OWOLIE Z WG EE (Infinite F50, Tecan, Switzerland) Tl
L7z

N7 27— LR=F¥ =7 vtk BMP > 7 FVRERNLLY 7 25
—X - LR—%—¢& LT, Idl ® BMP %5k T firefly luciferase % 58813 %
[dIWT4F-luc” (40 ng/well) ZfEH L7, 7. FKRICHIIEHAD SV40 7o €
— % —Crenilla luciferase % %819 % phRL-SV40 (Promega, Madison, WI)

(10 ng/well) %. 4> DNA &% 200 ng/well I2&H1T 96 X 7L — b Ik
L7fiic A L, BMP RS2y 7 = 7 — itk 2 L L2, V> 7 =
7 — G2, Dual-Glo Luciferase Assay System  (Promega) #f\w<T 7’1
b a—)LicfE > THlE (GENios, Tecan) L7z %, —#0FETIZ, 5 TE
At%. 1 ng/ml GDF2/BMP9 (Peprotech, Rocky Hill, NJ, USA) . 10 ng/ml

BMP7 (Miltenyi Biotec, Auburn, CA, USA). 10 ng/ml BMP4 (R&D Systems,
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Minneapolis, MN, USA). 10 ng/ml GDF5 (Peprotech) 7% & &e¥rfih7shsHic

L, BH, LY 7 29 —¥iEEAHIEL 72,

J9IRAY 70y h&E LT Phos-tag fi#1f -

HfE% 1% Triton X-100 % & ¢ Tris-HCI buffer [10 mM Tris-HCI, 150 mM
NaCl (pH 7.8)] T¥fiEL . 17,400 g T 30 ZrffibaEOiril 7z bz v = 2%
y7ay ML, Ly 7V, 8% RYTI7IYNLT IR V%
F\>7z SDS-PAGE "CT43ifi L 72 #%. Tobin #5558 » 7 7 — [25 mM Tris-HCl, 192
mM Glycine &) 20% Methanol (pH 8.3)] # Hw>T, 250 mA, 1 K], PVDF
X 7L v (Immobilon-P membrane, Merck Millipore, Darmstadt, Germany)
WG L7z, V2 RAF v 7ay Maid, MMo—X$ifkzHH L7, 79 ¥
Phospho-Smadl/5 € / 7 v —F L Hifk (Cell Signaling Technology, Beverly,
MA, USA; 1000 f5##8). =7 ¥ FLAG €/ 7 u—F L¥ifk (clone M2,
Sigma-Aldrich Chemicals, St Louis, MO, USA; 500 f##). <7 AHL V5 €
J 7 ua—F Lk (clone V5005, Nacalai Tesque; 1000 f5758R) . 7 ¥ ¥4
Smadl €/ 7 v —JF L§ifk (Cell Signaling Technology; 1000 54 #R). » ¥
X1 tubulin XY 7 v —F L Hifk (Cell Signaling Technology; 1000 54 R)
TRPURE LT, PEY Y ERLAF Y- EREAE LY X A IgG R
Vru—F Pk, FEY X7V F IgG KXY 7 u—F ik (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA; 2000 547 #R) % {#H

L7, ¥7-. ALEFHCR)GIZ 1 Immobilon Western Chemiluminescent HRP
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Substrate (Merck Millipore) # F{\>, ChemiDoc XRS+ System (Bio-Rad,
Hercules, CA) ZMw Tl L7 ™, B L 72X, Profinia Software
(Bio-Rad) % FHv>CTEHT L 72,

ALK2 oV vig{t. 8. Phos-tag i3 (Wako Chemicals, Kfk) % H\wT
fEht L7z, ¥~ 7%, 75 uM Phos-tag, 100 uM MnCl, % &t 7.5% RV 7
72U NT 2 RV wiz SDS-PAGE ¢4l L 7z, Z D%, 7 )V % 1 mM EDTA
ZEIL 7z Tobin 8558y 7 7 — [25 mM Tris-HCI, 192 mM Glycine & O
20% Methanol (pH 8.3)] <20 Zrfigeid L. FHE. 10 RGNy 7 7 —
TYEH L 7<%, PVDF X v 7L VICHEE L 72 **, Phos-tag it3E% fH\7-v
2 v 7ay MalE, Xk s LTe AHL V5 €/ 7 vu—F)Lfifk (Nacalai
Tesque; 1000 fi5AA) . “Xk¥ifk & LT, PEETHELA X ¥ — RS
LY ¥Pi~w7 R IgG XY 7 a—F ik (Jackson ImmunoResearch
Laboratories; 2000 f5#58R) Z M L7z, £ 7. {LEFEOHHIZ Immobilon
Western Chemiluminescent HRP Substrate (Merck Millipore) % >,
ChemiDoc XRS+ System (Bio-Rad) #H\v>CTRHIL 2™, B L Z2EifIZ,

Profinia Software (Bio-Rad) % F\>-CHT L 7=,

a0 :
HEHELZ, 2 BRI BT Student’s t BE, 3 BERIDL B gz &
VTl Tukey-Kramer i ANOVA % F\ > TiT 2 72 FEHIZEH+SD (n = 3)

LLTHELE, $EHAEAIE, *1d p<0.05, ** 13 p<0.01 £ L TR 7,
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fER
ALK2 @ G325A ZE{6H Smad1/5 £/ LT BMP ¥ JFIL &L S

< 7 AfEEMREAR C2C12 filfigic, & MEFAERL ALK2, ALK2 @ R206H 2
&, O G325A 25k % Z N Z1UBRIFB S & 72, B4 ALK2 (3 BMP > 27
FTUVRERNLVS 7 27—« VR—F—%2FEL L0 >7DICR L, ALK2 O
G325A Z2 54k & R206H Z R R IFHEEAFIC L K — & — G2 355 L 7 (Fig.
1A), G325A ZBEDFHEEL 2L K —% =G, wIhof&ETH R206H
B BARIFE L 7236 X D 59> % (Fig. 1A), 7, G325A X U¥ R206H
ERAEDFHEL 2L R—% —iGkik, 17 BMP 2%k 0D Smad #&EE: B HE
#lTd %5 LDN-193189% I &k > THEMK AN #Ifl 7 (Fig. 1B),
FLAG-Smadl &4 ALK2 Z 5B X ¢ 2 & G325A & X O R206H ZHE kD \»
b Smadl/b DY VBILL NUDEML ., Z DiEld G325A ZFERD T DM
otz (Fig. 2A), 7. % ALK2 & Smadl R CHFE X5 ALP iH1E
b, Smadl/5 ©V VL~V E FEREIC R206H X ) & G325A ZBYED /3
fkd>> 72 (Fig. 2B), LA EDOFED 6 EFHEME FOP fERFID S [FE I 117z ALK2
? G326A ZH RS | A FOP fEH] 0 R206H £ ¥4 & [Aiki2. Smad {REH
AR R 2 TG T 2 BRI A TH 5 b DD G325A £ 5

ARDIEM: I R206H 2K L D 550 2 L 2RI 7z,

1 & BMP 2&{FIc L 5EE ALK2 DEHEAL

TGF-p7 7 2V — @ I BIZAEMIE, TRZEERIC K > GEELEh s * 22
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T, C2CI12 fifgic# ALK2 & TGF-p7 7 2V —ICKT 2 4 fifHD 11 BIZHEE
(BMPR-II, ActR-IIA, ActR-IIB, X TPR-II) % ZnZNIFHEI LT,
FEI N3 ALP iM% 5l L 72, BMPR-II 13, R206H % ¥k & o HFEHCH
RIS ALP {62355 L 7203, B4R ALK2 & % 13 G326A ZREAE LD
HFBICIZ ALP 3612 38 L 2 h> o 72 (Fig. 3A), ActR-TIA 13, HASH o 5
B¢ C2C12 fllfldod ALP i&M:%2EE L 72 (Fig. 3B), ActR-IIA &4 ALK2 % 3t
FEIE 5 L, ZOMHEMIZ AcR-TIA BMCEAEE L 72 ALP G X D IR T L 7%

(Fig. 3B), ActR-1IB (%, B8 ALK2 & O :FEBI¢l3 ALP i1 2 358 L 7420
-7z (Fig. 3C), L7 L, R206H £ %{45> G325A 2254k & DHFET T, ActR-1IB
O HEMRFICHR ALP (52355 L 72 (Fig. 3C), TPR-IIDEA., ED5M:
T ALP G FE S N d - 7 (Fig. 3D), L EDOKEHED 5 FOPSEHID &
[Fl%E & 117 ALK2 @ R206H % 5413 11 4 BMP 32%{A® BMPR-1I & ActR-1IB
I2 & 5T, G325A ZHRIKIZ ActR-IIB 12 & > THRMELE N3 2 LaVRE N7,

INETIT, BKIERDE A 2 FOP SiEflh 5 12 fifo ALK2 % B4k

(R206H™, G325A", L196P*, R202I*, PF197-8L”, Q207E”, R258S%,
G328R”, G328W", G328E", G356D", & L X R375P7) AEE S N T3,
E 7o B, e RO DEIBTER D & | 4 O ALK2 22544k (A15G, H286N,
R307L, & XU L343P) D@ I e ™7, 206 DLEBIERD 5 FE S h
A RIE, T L AWAER ALK2 X ) IROEERIEEEZ R T T, 22T,
5D ALK2 ZRAKICHTT % BMP O 11 BIZZFR D8 % 5T L 7, G325A A%

& & Q207E ZBEK %2 R\ 72 10 FHOZ EAIZ BMPR-II & @ H:5H1C C2C12
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D ALP 3G Z2 HIEMICEEE L, 12 M2 TOERMAEDY ActR-IIB & DI:FE
BC ALP iEM: 238 L 72 (Fig. 4A, 4B), G325A Z¥YA L Q207E £ HikIZ,
ActR-1IB & D HFHIC & > THOAR ALP iHM:% 70 L 72 (Fig. 44, 4B), —/,
DB IIER O 4 T ALK2 2 ¥k, BMPR-II & X 0" ActR-1IB & O EFB T
b ALP iEMEZ2#E L 2> 72 (Fig. 4C, 4D), 26 DfiERA 6, FAEE1L
ZFE9H FOP JEH CTHE I N7z T_XTH ALK2 EBRAEL, BMPR-II % 7% 13
ActR-IIB 1 & 215 %2 2\ 2 1EHRAE R CTH 2 2 L L 72, —J, DE
BCHE e ALK2 284, 1T BIZBARELE T 0O IGHAL L 2w kREsE R

MEREEZEZONT,

FOP @ ALK2 ZEE&EDiEIE(ICE Il BRBHED ) VERLBREENDATH

)

TGF-p7 7 3V —D N HIZEEKIZLY v« AL A= v ¥ F— T, [ BZEE
ZHEE LTV VL L TEMLT 2 ™, 2 ¢, FOP @ ALK2 ZE 84k D%
fLics 1 % I BZHEEDO X F—iEEO&E 2 51T %5 7212, BMPR-IL £ &
N ActR-IIB @ ATP f5ATRMTH 2 V) P Vv EIEZ 7L X = VERILICEIL . ¥
F—ETEE RS AR (KR ZREK) 2L, ALK2 2254k & o35
BTo ALP & IC DTSt L 72, ALK2 @ R206H 28 54k, B74: /4 BMPR-1I
L DHFEHLT C2C12 Mg V) » &k Smadl/5 Z3HE L, ALP iH1t:% LR x4
7z (Fig. 5A, 5C), —J . R206H £ %k & BMPR-II (KR) & OMHFEH T, Y

V4t Smadl/5 & ALP % & . BMPR-II(WT) X » ¥ 594> 7= (Fig. 5A, 5C).,
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[Ffkic, ALK2 @ G325A Z¥A S ActR-IIB (KR) & OMHFEHTIZY) VgL
Smadl/5 5> ALP %2355 L %2> % (Fig. 5B, 5D), Z05 OfERIE, T
AR & B FOP @ ALK2 ZEAFDIEMEALICIE, T BIZHARD X F —LIiE MK

Fi7e ALK2 0 ) VLS ERE L 2 L 2R R T 5,

ALK2 OERRENEER Q207D ZE KT FOP O ALK2 ZEK &EHELHEFED

EBD

ALK2 & Q207D Z#M4k1x, ALK2 O AL 78 {5 I & > Tl I iz
RERRITEERIZ SR TH 5, Q207D Z%{KIZ FOP FEHICHE I LTV ARV Y
DD, ZOEHRZEALLT AN FOP DIREEET L E L THuENTW»E ™
", ALK2 @ Q207D Zs ¥k % C2C12 ffidic BTl RFHBLE ¥ 5 & | 591> ALP
WEME R EE L 72 (Fig. 6A - 6D), # 2T, Q207D Z 5k & 4% 11 BIZ45k % 3t
FILZ 7, FOP » ALK2 ZEAEDHE & Ak, BMPR-II  ActR-1IB & ®
HFBICIE ALP 35D 1A L (Fig. 6A, 6C) ., ActR-TIA & D HFEBI Tl ActR-TIA
¥k ) ALP 7EME2MEF U (Fig. 6B). TBR-1I & o #:FH ¢l ALP iG1ED3HE
INZhro7 (Fig. 6D), I 61z, NMZEED KR ZEREKOFEZT]NDS L
R206H Z8 84K %> G325A 25k L 13574 h | Q207D Z25{41% BMPR-II (KR)
£ ActR-1IB (KR) & od:5Bl¢d C2C12 fifiid ALP iG1: %238 L 72 (Fig. 7A,
7B). Q207D Z=H{kix, HUhO@RFFERLC Smadl/5 Y YL EFFEL, %
@ Smadl/5 DV YL L ~oLid T BEIZAAER OB AR E X OV KR &2 2R g8l

2L L o7 (Fig. 7C, 7D), LLED X 9 12, ALK2 DR EAYTEEEIZs ik
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TdH 5 Q207D £ HE{KIL, FOP @ ALK2 ZHE{K & [kl BMP o 11 BIsz&44k 12
ot i, Lo L. Q207D &Rk iHHAI: T ZEAEKD X+ —+
IEMEICRTE L TEB 659, FOP @ ALK2 Z B4R & 315 LB 23 5 7 2 Al HgMEDs

NI NIz,

I BRAFICLDER ALK2 OFEE(LICIE T203 RENEELKENERKLT

ALK2 @ R206H # & O' G325A ZE54A 1L, 11 BRIZAARD X F — BIEHRAANY
G L E gz, TGF-p7 7 2 — @ I BISZ 4K IE, T RS2SR o MIEEE I
frET % GS F XA vz ) VL L TEMALT 2 *, ALK2 D GS F X A i,
5200k vEILE 4 OoDALV A= vEEE AL (Fig. 8), 22T, I6 9
DD VEEEA VA VR R ZNETNT T = VREL LN VR E R
L I AISZRIRIC X - T Vg 221 7 ALK2 25K D35 % T L 72 (Fig.
8)., 9 AATETZERL 72 9AV £ R % ALK2 » R206H & G325A AR ki Z
NZFIEAT % &, BMPR-II % ActR-1IB DfEAE FTH->TH C2C12 Mffgn Y
vt Smadl/5 > ALP jEEMEE I Nk { o7 (Fig. 9A - 9D), %2 I T,
203 BHD AL A = vikIE (T203) & 209 HHD A L A = kI (T209) B
WD 7 AT eEIR L7 TAV BRI L | WAL A = VIRILZ T 2 [Ef L 72 2AV
EHEAEEEL, 205 OEMEZBE L7z (Fig. 8), R206H & X O G325A &
BiKiZ, 550 7TAVERZEALTH NHZEMIC X > Tl LS, Vv
i2fl. Smadl/5 & ALP jEMEDSFHEE - (Fig. 9A - 9D), —J. 2 A Fi% @i

L7: 2AV R AZEAT 2 L 9AV ¥ L [kl R206H & G325A 2 EAKD
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FIZB VT, MHRRERIC X 21EHIHE S (Fig. 9A - 9D), b5 o
FEoZ, I HIZRURIC X B FOP @ ALK2 2 ¥R IEEICIZ, GS F XA A
D T203, £721ET209 DEL S6—TF, H2VIFHEENEETH 2 2 L &R
235,

% 2T, ALK2 @ T203 & T209 % 22Ny HRIICER L 72 T203V &
T209V £ Bk % HEFE L | 11 BZAMIC & 235z Bt L 72 (Fig. 10), T209V
ZHZEAL 72 R206H & G325A ZFKIZ, 221 11 BIZAEA & BT
C2C12 #lan V) vl Smadl/5 & ALP j&Ik%#E L 72 (Fig. 11A - 11D),
LaL., T203V ZH % A L 72 R206H & G325A ZR4RI3, 11 BISZBIEAAAE T
Tb Y vt Smadl/5 % ALP iGME%FFE L 242> 7 (Fig. 11A-11D), 2O
fERD S | I BISZARIC & 5 FOP @ ALK2 ZE8EkiE M Iz id, ALK2 @ GS
FXAYND T203 BWHEPEE L EZ 6N, ZOREIZ S S ITHRAET 57
R206H & G325A ZB{RIZE T, T203 BIAD 8 HFi% Efa L 72 SAV ZH %
L . 26 DiEMEZ G L 72 (Fig. 10), ¥ 5 &, R206H & G325A @ 8AV
ZERIL, &5 50 I RRAEROMAET Y Vgl Smadl/5 & ALP i&1E%
FET B EDPWEE o (Fig. 11A - 11D), M EO#EEREN S, 11 HZR
fRic X %5 FOP @ ALK2 ZHEfADiHMALIZIZ, ALK2 @ GS FX A4 YHNich 3

T203 FRIED R W 2 7§ 2 & DER S Nt

DAV RREICES BMP @ | 2B EZN LIl JFILERIEICS

ALK2 @ T203 IctHET B AL A=V EEDLUETH S
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ALK2 » T203 13, X £ & 2 BMHEEY D ALK2 I ST 5 (Fig. 12A),
F7-. ALK2 @ T203 IcH4T 2 AL A= v iEEIE, flho 18 BMP Z%546ThH
% ALKI, ALK3, ALK6 ® GS F X4 ViZbirFESN T (ALKL: T197,
ALK3: T229, ALK6: T199) (Fig. 12B), % 2T, ALK2 ® T203V Z ¥4
T 5% %% ALK1, ALK3, ALK6 I A L, BMP/GDF §ili#ic X 3> 7' F Lz
SEIC BT B RE R T L 22 B D B0k TV 2R ZE AL 72 ALK1, ALK2,
ALK3, ALK6 ZH#H I ¥, ZNZNDZEENDHAVPMESINT VBB YAV
K (GDF2/BMP9, BMP7. BMP4, GDF5) THili# L T, BMP o ' F L} B
LR=F—DiEEZHIE L2, WTho [HIZEES | BERZ BRI 2
.UV NHETHEEIN S LA —F — iGN EA L7 (Fig. 13A - 13D),
—J7, TVERZEAL 7 | BZREKEZ RIS LGEICE, ZhFho) iy
FOHBLL TH LR =% —3%i1x ERE 3, &L A, Mock vector D& ARE X
D AR T Z 2 L7 (Fig. 13A - 13D), 206 DfEHiE, ALK2 o T203 (2
Y49 2%, §XTDBMP O I FIZFERIRFES NI GS FAL VHOAL A =

VEREEDS, BMP ¥ 7L DIEHAGIC AR Z L BN T,

ALK2 @ T203 33V YBR{LIRET T FILEFEHILT S

FOP & ALK2 ZEMADIEMALICE T, T203 23 T RRZARIC X 2 ) ViRl
PRhz & U CHERE S 2 WBEME 2 BRa L 72, U Y IRILAOGIZ, Z D7 S/ BRFRFLIC
AoEMZEAL, VAEMEZM 2T ERI T, U VBLEGZO 7 2/ BR2 R

MW7 S 7 BICEIRT 2 &, IO A VR X 2 OVHEDGEE L CROEME RS,

29



U VEEAL & R ARG AR Z T B 2 EHS, TGF-p7 7 2 U —1 BIZEA
TG T Smad & D 7B DT THRESIN LG % 22T,
ALK2 o T203 28V vt &<y 7' V2G0T 2 gtk 2 Bt 3 2 2 o
12, R206H ¥ X 1% G325A A kD T203 I 7 S /BBOT A7 ¥ v
% (D) 270V% vl (B) BREICENL L 7228 520K 2 8 UG 2 BiET L 72,

I DEEKE C2C12 MifcHIE ¥ 5 £, T203V ZROEA L AR,

BMPR-II ¥ 7z 1% ActR-1IB ZAMELE T TH ALP 15 IEF5E S e 0> - 7z (Fig.
14A, 14B), ZDfEFIZ, ALK2 @ T203 28 N BIZEIRIC X 3 V) VgL E 21T <
VUBLAL A= E LTS 20 Tid %<, BV vIBLIREEDO R L A =~

PRI L LT BMP & 7' L &AL T 5 TTHERE 2 R T 5,

ALK2 @ T203 i3 Il R BHEEFNG ALK2 0 U VE{LEZHIHT

T203 ® ALK2 ® ) V@Bl L ~)VIcxt 3 28R 2 bt L 72, ) v by v %7
BHICBIMMED E W Phostag sk 32 /ML 7RV 727 Y L7 S P77 LT
SDS-PAGE %179 &, Vvigfbahey v XV EOBBEMET L, LS T
TH Y VLT RIEY VBT L RETE 5, C2C12 filigic & ALK2 % %
Bl X ¥ T Phos-tag TV YE{LL XV & RITT 2 & BPERL ALK2 134k D 9%
D) VLS T L, R206H & G325A ZERATIEK 4 34% & 20%
B vigftEn vz (Fig. 15A), 2o ALK2 ZEMAED Y VL ~oL i,
[ BIZARAR L IFEBIC X > T& s icgmL 72 (Fig. 156A), 22T, ALK2 i

T203V ZH %M A L, ALK2 © U Vig{hL ~ L 02 % Bt L7z, T203V Z#
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ZEAT S &, BAEMOAL ST R206H & G325A ZEETH ) VgL X)L
D3 T203 ICZRD VWSO LI L TR T L, S 51 I MZEEK L OHFTT
Y UBLL NUDME R L7z (Fig. 16B), 236 DfER2 S, ALK2 @ T203
AR, 1T BIRFHRIC K 5 ALK2 0 YBEL L2 Hins e 2 HEE AT S/

MRIRILT & % HIREIED R S e,

ActR-IIA H'FEE T % ALP iEitIE. LDN-193189 Ic &> THfl=h 3

[ BIZZRERD 1 D TH 2 ActR-1IA %2 C2CI12 MfIC RIS ¥ 5 &, Z NI
TALP &M% FE L 72 (Fig. 3B, 6B), 2 2T, ZDFEI N DS
LDN-193189 DM & > TET 2 0B 2 MGt L 7, ActR-IIA 1, Hfho
WFEFBLC C2C12 Mg ALP 1M %2 HE L 72 (Fig. 16), ActR-IIA & R206H
BRAZ I I 2 L, ZDiEMEIZ ActR-TTA B CFFE L 72 ALP 3G X b
HAETF L7 (Fig. 16), # 212 LDN-193189 2§ % &, 245D ALP jEE
FME L S IHIfl & 7z (Fig. 16), ZOfEHED S, ActR-IIA 358 4 2 ALP
PR, ALK2 DA oftho T8 BMP 24K X > TIRIE I LT 5 AJREPEDSR

BRI Nz,

FOP @ ALK2 Z£{Id FKBP12 [c & > TilHlEan 3

FKBP12 1%, BMP & 7'+ Lol 1 & LTl S nTw 3 ¥, FOP & H
LIRE I N ALK2 ZERADEMAL & FKBP12 051z > W st L 7.,

C2CI2 iz 45 ALK2 ZRRF 2 FFB ¢ 5 £V & FIEFE T BMP
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SUFNVRRRIVY 7 27— - LR—F —%FFEL 7 (Fig. 17), 5612,
FKBP12 #HLFEH I ¢ 2 L, WINOELEEKTH ZD EF L 216 <
7= (Fig. 17), ZT®Z &1, FOP T I N TWw 5 ALK2 2B RO AL

23, FKBP12 12 & 2 MH DI UNDBEIFIC L > TR Z 5 2 L 2T 5,
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EE

FOP (3, BMP @ I #5245k ALK2 OFSRBERAIZR 3 X ) | Btk ©
WG C 28 EWPETH 2, WA FOP & Tk, S0 & BT
Mk 24U, RGP A ¥ 7 VD U PHED 7 A )L A BRI X o T A7 BT
P feaste 2 2 2, SRR FOP 62> & B & 4172 ALK2 @ R206H £ #ik 0
T 6. 0 R206H ZRARIIFERINEHRER L EZ St ™, EE, 47
1% CH) & TR E A2 F0E L 7251 FOP SEMA> 6 . ALK2 ORIz Rk &
L T G325A 2R EH I/ 7, Z DS FOP SEFI T, HUAIR FOP fEH)
& FIBRICHV AR D I BHIRZTE 03538 0 o v 5 —T57, A WICHiiafG Ic & 5 5
FrEE IR T ko 7, s DRIED S, Bkt % 4 U 2 FOP fifl
TH->TH, ALK2 OERIC L > T, B2 FHEET 2N 7' L OIEHEAE
o3 E e 2 AJHEMEDS RB S Lt 7 TSR T3, BRI FOP SEf & Ese
FOP JiEfl 2> & [AlE S 17z ALK2 22 Bk %2 42 2 Ll X 0| BRRIN AR
BRRDECZAEL 20 FA A= ALZEI L, FOP IZE T 2 BATEELDFIE

WHEZH oIt 2 E2HWE LT,

BMP O || BIZF{FIC & 5 FOP fERID ALK2 ZEEFEDEME(L

Y[R FOP fiEfl > R206H 22544 &S EMHER D G325A &Mk % C2C12 il
Jll@RFEH S 5 & WidE & b BMP JEFAE ¢ BMP R #iviiain s 7 v
ZiEMAE L 72 (Fig. 1A), C2C12 fllgo a2t st~ —4 —<TH %

ALP 75 % g9 % £ . G325A Z2RARDSTHE L 7 G 1X. R206H £ ik
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DIHE L i L D €D o7 (Fig. 2B), fE>T. G325A ¥ %2 H T BhEH
DEFMETH 2 KO —IBI%, G325A BERAEDIHEENMENZD EEZ 5Nz,
FOP @ ALK2 Z#{k% C2C12 MlBRATIE 2 £, ALK2 ¥ F—X Dkt
B L% 2GR T Smadl/5 DY VB3 TuE L 72 (Fig. 2A), ZofsHIx, BE
OV k9 Iz FOPIERI T R & e ALK2 ZERARDSBEREMSRIZ R TH b |
BMP FEFAE T TH ALKZ DS TR S 7 RRBIC & % ARt 2 R L 7,
L2 L., ALK2 ORSERIIEERIZR E L CAHIS NS Q207D B8R L 13574 D |
FOP SEfl7» & [FE S 17: ALK2 D22 BAARMOERFEBL T, C2C12 filldd
ALP W22 E A EFEL h o7 (Fig. 2B, 3A - 3D), Z#x, FOPJEHID
ALK2 SRR CH 2 D O BRIENA R T CIIEBREFE S % %
O DIGFMEALDIA 47 22 TREVE 2 IR T 5,

Z T, TGF-7 7 2V —0 | MIZEEOTEHAICEE % 1T BIREEORS.
ZRRE L7, Z OfEH. ARy FOP fEflo R206H 22544 1% BMPR-II % 72 (%
ActR-IIB & D 4EFBUC X - TEHL S 41, EFEE FOP fEf o G325A 22 Bk 1%
BMPR-II CIZIEHEAL S 19, ActR-IIB IC & > TIEMAL I N2 2 &AW 50k X
57 (Fig. 3A - 3D), Z#15 BMPR-II & ActR-IIB I X 23EM:ALIZ. 2 ET
I FOPHEH 2> & [FIE S 317z 12 A T OEBAT D ifERE S 117z (Fig. 4A, 4B),
—J7. DERBEE D> SRR L L THE I N ALK2 BRiX, L5 5
D I BIZHRERIC X > THiEM L& mh - (Fig. 4C, 4D), Folf, > a vy
a NI Z WD & b ALK2 @ R206H 2854k 03 [T BIZ SR X - T

ML E N2 S EBHESNT LS ", Ths DRED S | B2 9 FOP
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D ALK2 Z#{k1Z, BMP 0 1 B2k TdH 2 BMPR-II, & % \» 13 ActR-1IB IZ
X ML E Z TP T OB IIA RACH 5 LB Z b T, ERMEEG O
G325A Z5{k1x, ActR-IIB itk fiz (Fig. 3C), —J7. BMPR-II & Dt
FECIIEN L E N o 7 (Fig. 3A), Z#4id, ALK2 OB EEA7Ic kD, &
AL 2 IR R 2 2 L 23 L, BENICE R 2288 % K5 FOP il
DEFARTEIR DE DY, % ALK2 ZEARD 11 BIZBRITR T 2 &2 0@ il

ZBWHEEZRE T 5, SRS EIZ, FOP oR#EE2% T 2 Lo, 11 %
BARDF T BB & 7 B ATHEME D R T 5,

ALK2 ® R206H 2 5% 153 2 HURIH) FOP SEFITIE, BRI ) RS
D BT E IS A, BB, & 237 A L R IEG o Ark BT E s
HonTws *Y —J5, G325A ZRMFE S 1175 Rl FOP SEH] T,
A7 1% E COM. HERICD BIMEELE LU Rd o 7eh, 7 A4 VARG % 5E
b B RLBEE R AR L F B D FERERS 1< BT B LS FER S vt T, ko LY
FOP JEGI> & (3, MHEE & 7 A4 0V AR & 2 BT LI H U BT s &
N LFHRINTL, UL, SRIOEFRKME FOPFEF ORI, B L
AV RGeS O BFTEE IR 23T A = R L CHFES NS AN Z R
T2, KFRDOHREEZ &Y 5 L JUI FOP fEHl D R206H 2 K D 4
Z i L L 72 BMPR-IT 2354 o BprtkafhicB5- L . R206H ZE %k &
G325A ZERAKDMIH 2 TGV L 72 ActR-IIB 2377 A )L R &S o BT E LI
BG¢ 2 AIREME 2 R8T 2, Z2nZFNd ALK2 ZERADFEELET & LT, /)

BEP 7 ANVAREGIT XD 1 BIZARORE B Dk 53 ik
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T2 L) BARELREZ SN Db, S8, RGP Y A VAR in vivo €TV
ZHWT, Y71V ¥ 4 . PCRICTX % mRNA #HHEOERL®. FENPLAZ
w7z FACS fEHTIC X IR S v o7 DT 2T\, 20 s O AlRel: 2 SRRy
ICHERES 2 E D B,

AWIZEICE VLT, ALK2 & I HIZARZFH ST 5 & ALK2 DY V7 &
DA D3R H & 1tz (Fig. 5C, 5D, 7C, 7D, 9C, 9D, 11C, 11D, 15A, 15B), 37
FRDOFBRICBI L T DD 21T > 72 hd, RIEZDA A =X LIEAH
TH b, Lo L, MlEic ALK2 B cRBLI ¥ 7o EIC 2 kit 72 < (date
not shown), YV vi#{t Smadl/5 OFFLEIZ, ALK2 OFBLREICIFKAENTH
o7, ALK2 & I BIRFEROLHABUC L > T, ZOMEIEEEETEE L Tk
2 7PV RARET RIS ALK2 s s etk b ZE 2 o s, 58, &
DEEl e X A = XL DBHBNETH L LEZ NS,

ALK2 @ Q207D ZEFRIE, AR 75 28 O A\ G2 TRZ S 7 Ry i Y
ZRETH %, FOP REHlL & B S/ ALK2 ZEED | Q207D BHEAD L
I 2 in vitro 28T ZEFIFEBC BMP 152" 9 2 £ 6 FOP SER CRHE X
NIERERTIEI RSO, Q207D BRAZEA L 8B TR~ 7 AHY FOP
DIREET L & L THeSNTW 2 7%, KR T, Q207D Z54kH FOP jiE
Bl ALK2 28 B4k & kI, BMPR-II % ActR-1IB & o358 X - CTiEME L &
N5 xS (Fig. 6A-6D), LA L., FOP @ ALK2 2Bk & (357
7 h . Q207D AEMIE X F—BiEMEE Ko 7 I HZEED KREEKICE ST

HIEMELE N5 2 LAV L 72 (Fig. 7A - 7D) ., Z OfEHIZ. Q207D ZE Bk 13,
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HRCIEHECH 2 DICR L, FOP 2068ty S/ ALK2 Z2E2AE X, EMHE(iC
[ BB I E T2 2 E2RT, 20 XIIC Q207D ZEHikH3 FOP JiEf
ALK2 ZER L 13 R 25 F A A=A LT, fllEAND BMP & 7' )V Z 3G L
TV AR Z RS 5, 65T, FOP OBFMENMDS T AH =R L% in
vivo T#fT L . FOP 12xt 4 2 ihei el &Y O 16 1% 2 3l 3 % 72 91213 . FOP
KEGI2> & RIS BB TAREZEA L7, £ D FOP LMD A H =X
L CHEFMEELEFIET 28 L WIREET TV O NETH 5,

i) R A ) s A A 1R el Nl = S 77 i | 11 i R o = 2 B i s g [t e i 3
WrZEDH oz ¥, C2C12 Ml HfgNEREZ REIEZ NI F v 24T 4
7D ALK3 Z2HBIE 2 L, 7 2O M LIIGIEE & B2 (b i
EEDSHE S L . 20K, ZoEkz R, g2 S BMP-4 £ BMP-9
DIHAHE - [FE S 4, ISR T T3, filEsy i IciE BMP & 23217 T\ 5
ZEDHSE RS, C2C12 MillEiE 17 BMP 2444 & L T ALK1,ALK2,
ALK3, II 1 BMP 32%fk & L T BMPR-II, ActR-IIA, ActR-1IB % %8¢ 2 ',
AW TR L X 91z, C2C12 Milgic ActR-IIA 2RI X2 &, B EFE
FBC ALP 3G 2 358 L 72 (Fig. 3B, 6B), Z d ActR-IIA Ak % BRI FEH X
7 C2Cl12 fifuic 1 BIZRE D Smad FEHERN 2K THERTH S
LDN-193189 # 9 % &, ALP OFFEIEM NG S 17z (Fig. 16), Z D
FAT GEFEFE S H 7 ACtR-TTA SWNAEED 18 BMP ZBE OIS Z /7 L T,
C2C12 fifdd ALP iGtE%2FHE L 72 2 £ 27T, C2CI12 Mgk, 1 BIZEAED

¢ ALK3 ORBIED R, ALK3 O F S F v F 24T« 7 HRA ML BMP2

37



DIEFZHE T % 2 &%, ALK3 OREEINIGHRIZ RIKk)Y ALP {EE% 55T 5
ZEDHEINTE Y. ALK3 28 C2C12 Ml 31 2 BEBER) BMP 24440 1
DTHDIEDRINT WD P AR TR L7 & 9 1, C2C12 iz ActR-ITA
& ALK2 2 BB ¢ % & (ActR-IIA i CaFE S5 ALP iEMEME T 95 2
EHVHB L7 (Fig. 3B, 6B), M EDOKREZEZ AbE 2 L, C2C12 flldiciE

FIFIL X 72 ALK2 @ ActR-ITA 139 2 #1505 12, ALK2 2% ActR-IIA £ A

%

el ALK3 O AFHICHENIC@ 2o L PRI, 2D LI, A%
D &9 7% in vitro \ZE T 3 ZEROMBIFEIFRI X, Mldo NEEREERD
FLRDE S 2 AIREMEDRR S 7z, In vivo O ALK2 3¢B{fildCT b | in vitro
& FBRIZ, fl> BMP 2454k &L OB AT 7P VBT 2 AR H %,
Bl 5T, FOP @ BT PEEANIC 3 1T 2 8RS fHI S48 27 e o BB e L 2B & 2>
Thv, GEHERICE 1T 2 ALK2 BERMEOMIT 6. 216 OFiERHTIE.S
FlE X, X DR BMP & 7' L O iEAGEERE 230 & 2312 7% 2 TTREME DS

%o

ALK2 OEMLICE TS T203 DEl

AWEE Tk, B2 IC & 5 FOP EHI 0 ALK2 2o iE (kI X, ALK2
D GS FAA VIZRTET % T203 I 2 & 2 S 2 L7 ek, TGF-B
7 7 3 =1 RIZEEOTEEIE, TRZAFRICES GS FX AL N Vgl
RO k2 EEZONTEY " RED | BESTEEZHIH T 2 X 5 287

FHE SN TR, I HRRZARIC L 2 ALK2 ZREDOTEEICIE, 1T B2
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R ¥ F—RIREDBUATH 57 2 L0 5,T203 I 1T BIZERIZ X 2 v
BEALEBhCd 2 MR R MG L7z, ) v 07 & Va7 2/ Bic
BT 2 &, MO ALK F S OVEDREE L TROEMEZR S, VU VLG
LRI ISR Z T B Z EWE I N Tw S, TGF-g7 7 2V —1 1%
P N MOBERT Smad 2 &0 8% S oFFolE Ik ™" 22T
AAFZETIE, ALK2 O T203 28 g ST 7' L 2 G LT 2 nlagtk 2 i
57 dic, T203 EEZBIET S /BMOT7T AT XV (D) /LMY IV
i (E) FREICE# L 7202 R L2 MEf L7, Lo L, T203 oY~
WAL % Bl L 72 T203D. % X O T203E Z8 54k 13, T203 5k V) v gl %z BHE
L 72 T203V &84k & kI, T BIRAEHO LT o4 C2C12 fifdo ALP &
WaFE L b o7 (Fig. 14A), 2o DfEHE» S, T203 13 11 MZEEIC X
pEEDOY VBRI TIE R S, LA, Y VEBRIRAE L LT ALK2 OiE
ZIESE 2 LE Lo, ZOREIZ, T203 BB Y Y IBLKIGH Y 7'F
NOTEWALICEE A2 ARES RB L T h., 5%, MiENs 7 F Lotz
B2 T203DH A7 75— OBEGEL T2 0ENH 5,

Phos-tag % > 777> 5. R206H & G325A 2 k(% B4R ALK2 X 1
AN TEL Lic) vghI s 2 EVAIBH L 2 (Fig. 15A), BMPR-IT 5
ActR-1IB % #:F B &4 % £, R206H % G325A ZRfAD Y VIB{LL N 23E 5
AL 72 2 &5 . FOP SEfl o0 ALK2 288413, Ml < I #2554k X 2
U VgL EZ IR T L BMP 2 7L oiEE LT Th B EEZ SNk,

Z 2O N BIZARIC X 2 1EHAICEH S e 2 S L 72 T203 JRAkICZ S 2 H
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AL, Y VL RVA~DZELZ R L 72, & ALK2 12 T203V 222 E AT %
oI ISRk HBEH X TH ALK2 OV VERLL ~OLSHENI L Zvs 2 & A3
B &7z (Fig. 16B), 2o ffd L b, T203 BEHizZznHEY ~
BitxsnzoTidz, I RZEKICE S ALK2 2k0 ) VL L ~)L % Tk
TEOICEELRBRILTH S 2 DS D & 757, G325A 2 H{k1Z, BMPR-II
LEETCHEE LI N VIO 22b 6T, WFEOLFEET ALK2 0 VgL
~OVDSHEN L 72 (Fig. 15A), ALK2 @ GS R A A »yWicid, 1T RSZARICY v
Bt zZ T2 REEDOH 212 ) v EXNA LA = VD9 ATEAET % (Fig.
8), Phos-tag Z Hl\W =@ 6 b, V) VIgb 37z ALK2 I3EE DNV FEL
TSN &6, HBEDEEX) Vb3 Tws 2 LBMERI N

(Fig. 15A), M EDKR%Z#E 2 &b 2 &, G325A ZHATIZ, BMPR-I &
DIFEHUC K > TEHEDEEN) VIRLINTw 250D, & 7 LV OiEHAL
ISR BRIED ) VIBLEI N TR WATEEELRE 2 S b, 5%, ALK2 73N
DY TFNMBEICHHE R T S BEEEE GS P XA VDS OHIFH b & & THER
L. Otz EERICHEET 2 HEDRH 5,

AHFEICE T, T203 S D 8 AFTDL ) v B XA L A = v RIEA &L
7o 8AV ZEMA G | I BIZAADOIAE T CHIlEN S 7' F L 23R L 72, 2 DfG
Fd, T203 H3 11 HIZ43kIC X 2 ALK2 0V v Bhoflflicnschd s 2 L%
AT E & BT T RIREMIC X 2 IEMAIC B R ) VLN A GS F X 4 w4t
ICHAES B TN 2 RIR T 2 ER. TGF-8 7 7 YV — DN > 7' VR 1R

[ BIRZFRRIC KD THRIZEARD GS F AL VINTEHEDERED Y VI3, 2
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DY VALY VDT 5 2 & T 1 MRZEERDO VARG NZL L, FKBP12
FOMHIR T & DFGEDRR I N HER, | HZHED X F—iEhI s
EEZ5NTER ", FOPIER D ALK2 ZHRAKICE WTH, BUBENERIZKD
FKBP12 & D& MWEIMET T 2 AlRgE MG ST 3 ™%, C2C12 iz A
VT FKBP12 OFIHBFE%iTo7- & 25, R206H ® G325A ZH{kD
FKBP12 12 & - il & 7z (Fig. 17), fit-> T, FOP iEflo ALK2 £ 8k
WEMEAIZ I, FKBP12 & OfSERIREDZLDAOBF B 5 L TV 2 TR
bdHs, D12 LT, FOP ® ALK2 ZRAATIZ 7 I / BEHRIC X 2 3TARHE
WOELEELTE D, AL TRB S Nz 1 BIZEEKIC L 2 EE(LICES 4%
7 BBEIED ) VB LL NUDTUE L TR REENE Z 5D, S, &
OISR 2 T 2 47\ 1T BISZRMRIC X 5 ALK2 ZBEEOTEE(LIcHEiR ) v

ML 2 FET 2 2 T, ZORBAMEFT 208235 5,
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AW ¢l BRI FOP EH 0 R206H £ # 4k & EFM: FOP i o G325A
2SO LUl 2> & . FOP @ ALK2 28544k BMP o 11 B1%Z2%k (BMPR-II
Y ActR-IIB) I k> TiEMHALE N T VI L 2B MIC Lz, £, ALK2 @
BRI K D IEH I NS [ RIZEERIEL D, CORZEDENZNZND
FOP EH D B ARER IS 52T 2 AIREME SRR S 7, T IR RRIC X 5 FOP @
ALK2 ZRAEOFEEALIE, T RZAERD X > — Rk L, 2 otz
ALK2 & T203 BHBEREETH 5 2 &2l L7, ALK2 @ T203 iz, H
23 VLI N5 DTIE R S ALK 72 ko ) VgL L TES ¥ T
> FVEEMALT AR R S, 2D ALK2 @ T203 13, $XTD 1
£l BMP BB CHREI N AL A VEIET, 2o i3 Y Rl X 3
BMP & 7" F L DIEHEAGICHETH B Z E 2SI L, fE> T, 2dD BMP
D 1 BZERECREI NI AL A = VEREE, FOP IEH O A% &3, 11 BAZ%
iz k 2 1 BIZEEOTEELICHF EEZ S, 2D T203 L7k 11 #I%Z
FRIC X %5 ALK2 OFfME A A = X L& HI2, #H L\ FOP OiGkEZ T 27

REVEDS B 4L 7,
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ol |

WG 2 v 72 FOP %t L WIRREE 7 )L DS
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e

FOP 1%, &5 DOl gt& itk ic NikaEafbic X 2 ZirtEafbz 40 %
BRI ETH 2, SR FOP H#0 5, 1 BMP 2% 1 5Th 5 ALK2
D75 (p.R206H) WSMEE S 117z, AWETIE, Tet-Off & 27 A T, BpEM
b %\ 13 R206H Z2 28 ALK2 25819 % <7 X ES iz 872 L 7z, 5 [Hlfgsz
L7854 ALK2 25815 % 3 71— (WT#60, WT#65, WT#67) £ .R206H
WA ALK2 258§ % 3 7u—r (RH#2, RH#36, RH#40) &, »iNnd
doxycycline (Dox) JEFEE F¢ ALK2 @ mRNA & ¥ v R 7ENFHEI NIz,
R206H Z %A%, BMP JEAAE T Dox k777 Smadl/5 D) vl
BMP FFEIL R — 5 =ik LA %2R D72, 2O BMP ¥ 71 )L oiElo LA
1. 181 BMP 2%k @ Smad #E#g DR SBHEAIC X > THIfl S 1172, R206H
B2 BT 5 70— RH#2 13, REFHERHIC TGF-1L BMP4 Z i
T 2% L. Dox 16 N CHIREHINER RN L N2 5 —45 v (Col2al), 77V 7
V(Acan), X a5 —4" 2 (Coll0al)DFEBVFEE I N, X512, Dox JEFFLE
Tl L 727 v —> RH#2 (X, TGF-B1 O&AZ ML T b a3 IT
MEL 72, ABFZE ORI L 72 ES flidix, FOP o Eri:ig (b o #1 B % w3
% In vitro DFEHSR E L THMTH D, R206H ZHEE 2N L THEI N HHKE

stz BLE 3 2 ARG E ORRANICH B S 1 5,
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Abstract

FOP is a genetic disorder characterized by heterotopic endochondral
ossification in soft tissue. A mutation in BMP receptor ALKZ, R206H, has
been identified in patients with typical FOP. In the present study, we
established murine embryonic stem (ES) cells that express wild-type human
ALKZ or typical mutant human ALK2 [ALKZ(R206H)] under the control of
the Tet-Off system. Although wild-type ALKZ and mutant ALKZ(R206H)
were expressed in response to a withdrawal of doxycycline (Dox), BMP
signaling was activated only in the mutant ALK2(R206H)-expressing cells
without the addition of exogenous BMPs. The Dox-dependent induction of
BMP signaling was blocked by a specific kinase inhibitor of the BMP
receptor. The mutant ALKZ2(R206H)-carrying cells showed Dox-regulated
chondrogenesis in vitro, which occurred in co-operation with transforming
growth factor-pl (TGF-p1). Overall, our ES cells are useful for studying the
molecular mechanisms of heterotopic ossification in FOP in vitro and for
developing novel inhibitors of chondrogenesis induced by mutant

ALK2(R206H) associated with FOP.
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&

FioFdgRL, A L (intramembranous ossification) & PNEREE

1t (endochondral ossification) o 2 fEICXH X5 ', BEE{LTiR
I VT EE L 2 R UEERMIE A B E v Ic i H IR % 7E ) . B2~ &
S %, it L 2B T AR & 2R R TR T B S8
HO—MIEFEEIC X > TR I NS, —FH., NWikEEEx, k. 5
& e BRI, FPIHEIRIC X 2 BUEDSTEE S N 5, TRl - R
AT 3L ME L IHTRSUHEERAIIEAMR A L, RIS R A R L
IR O CE I E b L CEIVEZ TR LR 5, NIKEHEE
fEid, FICREFFEOFHAERICBZEINS ™,

FOP &, EfTHEICBHEAHMA I NI BB X 2 BT L2 U 238
{BrEoPETH 2 “ ', 2006 4, FOP OEMEET L LT, BMP @ [ BI%%
fD—2%a—F¥2% ACVRI 2SFE S, SRIK FOP KEH] 1< M o 4 5

(p.R206H) 23RNz ®, 4 F I FOP 25 [F%E X 4172 ALK2 D%
BiKiZ, WIhb in vitro THHEEMIN C2C12 7% EISBFIFI I ¥ 2 £ BMP 7§
Mz R T HEREE A R cH ), FOP THE I N2 Witk E{biz, % ALK2
12k % BMP > 7PV oJitic k> THEEE N LEZ 6505 ™, C2C12 il
1%, BMP HllIIC X - TH IR & b3 2 23, iREMleo LB X
I,

FOP & i3, MG k> TRl Birtka bz 8542 2 L6, A

POHBHIBIZ A S L > T3, 2D, FOP I2BIT 2 BirtkE{bic BT
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% HR G A2 AR o BUSKAI A o AR 1 E R 7R 22 3% o, B4R, FOP @
R SR TH 2 R206H ZHRAD 7 v 74 ve g ABEEIE L ™, Ly
L. 2o ZFHAEERICHET 2720, FOP RSO FIERF O fiE
B0, W7 iR DB D 7, FOP 226 RSN B8ETERZEAL
L WIRBE T VOMIBEEN TS, £ 2 TAWIZETIE, B4R ALK2,
¥ X OV R206H Z A ALK2 D FHi% Tet-Off > 2 5 A THlfHI ¢ 2 <7 X ES
Ml 212 L7z, S 512, FOP @ Brta oo Bebs 2 k¢ 2 FER & L
T IZ L 72 ES #ifd 2 in vitro TG~ LFHE S ¥ 2 Bk 2 L L 7,
A ES fiifieix, FOP @ B EA LD #IHIERRE %2 [KW3 2 in vitro IR & LT

AHTH Y, NWIREMEELZIHET % & ) Rk OFENCHZHE I NS,
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ME EFE

YU AES #ilaDIZFEE ALK2 BIEZFDEA :

Tet-Off & X7 LD3E A I 17+ A ES itk EBRTcH3 fifidix. 10%+X 7
FrvTca—+rL%T4v>¥a kT, 10% FBS (Nichirei), 1 mM sodium
pyruvate (Invitrogen). 1x nonessential amino acids (Gibco, Grand Island,
NY, USA). 1 mM L-glutamine (Gibco). 55 uM 2-mercaptoethanol (Gibco)
2000 U/ml leukemia inhibitory factor (Nacalai Tesque) % &t Glasgow
Minimal Essential Medium (GMEM) (Sigma-Aldrich Chemicals) ¢ 37.0°C,
CO, B 5.0%DEE N B L7 ', b b ALK2 0BG lAafaz X7 ¥ —L
L T. pZhCSfi X7 4% —d Xho 1 & Not 1 YJWiEHzfIZ, 58 1 B TibX 7 V5
& 7ML 78R ¥ 7213 FOP @ R206H 2% A t + ALK2 cDNA % ffi A
L7 (Fig. 18), 2N ZFNnofffaz X7 ¥ —%_ CreVaryEF—EHET ¥
— &4tz Lipofectamine 2000 (Invitrogen)# fiv><C EBRTcHS3 flldicEA L
7z, 1 ug/ml doxycycline (Dox) (BD Biosciences, San Jose, CA) & 25 ug/ml
zeocin (Invitrogen) % &tz 3 HIEE R L. &6 724 zeocin iftE a0
——zilklcrua—=v 7L, 51, Hr7u—ro—#% 150 ug/ml
hygromycin (Invitrogen) ¥sinEzHhcE:#% L € hygromycin &322 MR L .

HIDOBE AR BEE TV 5 70— 28R L 7,

REMLIEE

ES flfiaz . 3.3x10° ffil/cm® o % JEcIEEEEME 96 /X 7L — F (Sumitomo
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Bakelite, H50) 12#&fE L. 10% FBS & 1 ug/ml Dox &4 GMEM (Sigma-Aldrich
Chemicals) 5 HIAR5# L, MK Z TR S 72, 5 HEE, MBREZEILL .
PBS 2T, Accutase (Gibco) 12X - Tl i E ¥ 72, 3x10° D
MfE 2 15 ml &V ~FREE L . 8 e ER 2 A 190 g T5 7rfEl, &
TEEL 72, A LEEEREHLIZ . 0.1 uM dexamethasone (Wako Chemicals) .
50 uM L-ascorbic acid 2-phosphate (Sigma-Aldrich Chemicals). 40 pg/ml
L-proline (Sigma-Aldrich Chemicals)., 1 mM sodium pyruvate (Nakalai
Tesque). 1% ITS (CORNING, Corning, NY, USA) %/ L 72 DMEM/Ham's
F-12 (Nacalai Tesque) %l L 7z, #KE{La5EK 21X, 10 ng/ml TGF-p1
(PeproTech)., 50 ng/ml BMP4 (R&D Systems) Z#siNL 7z, ffdix, 2-3

Hic—HE, HTRERKIC S L 72 o,

EEM RT-PCRIZEICL BEBILFRIEADEES :

flaA> & . Nucleo Spin RNA (TAKARA) % Tl L 724> RNA % $584
\Z Superscript Il (Invitrogen) T cDNA IWHEE L 72, 45317 cDNA % §5
B & L T, Premix Ex Taq (TAKARA) % F\>C Thermal Cycler Dice Real-time
system TPSOO (TAKARA) TRNA OFHEZ w72, WEIEEEE T L

L. Atpsfl ZHEHAL 72", H L7794 <—Dfid¥|% Table 2 12777,

HERERE !

ES Milic #1752 ALK2 oFEBLZ, $1V5 & 7Hilkz Mo 72 SOtk

WER L7, ES#lllaz A v< ) v CHllER., —XPETHE T AL VE £/ 7

49



o — 7 Lk (Nacalai Tesque; 1000 54 R) 2= T 1 BRI Z ¥, 2D
%, XA TH 5 Alexa 594 ORI N X7 2 [gG RY yu—+
Witk (IgG; Molecular Probes, Life Technologies; 2000 57 #) % 25T 1

IR SOE S ¥, BZ-9000 d0e#ii# (Keyence, KPx) CEIZL 727,

FACS f&#4r :

Dox fE7E . 8 X OFEFALE T ok L7 ES Ml [BIIX L . 2 mM EDTA, 0.5%
Bovine serum albumin (BSA) (pH 7.2) IZf&# L. Alexa 647 CTH{OGELR
(Molecular Probes, Life Technologies) L 7-¥ ¥$1 ALK2 XY 7 a—J )L
& (R&D Systems) % =i <T1 KIS I ¥ 72, PBS THEE#. Propidium
iodide (BioLegend, San Diego, CA) %% T 15 KB ¥ 7z, gD HE
% . FACSCalibur (BD Biosciences) THiHi L. Cell Quest software (BD

Biosciences) CfE#HT L 7=,

Wo7x5—€- - LIR—9—FvtA1:

N7 27—X+LR—=F—7v+A I, Dual-Glo Luciferase Assay System
(Promega) %\ CHEISICHAN SN2 7 1 b a—)uichié-> CTHlE L 72, BMP
ST FIVRRINELY 7 27X« LR—F— L LT, Idl ® BMP L& T
firefly luciferase % 819 % IdWT4F-luc” (40 ng/well) ZflfH L7z, *7-.
FRFI2 SV40 7°v & — 4% — ¢ renilla luciferase % #3813 % phRL-SV40

(Promega) (10 ng/well) #7277 b L, BMP RENZILY 7 25
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— BV R L 72, VY 7 = 7 —XiEMIE. Dual-Glo Luciferase Assay
System (Promega) %M\ CTHEGICHEMN I N 78 b a— vicfé > THIE

(GENios, Tecan) L7z ®%,

DIXRY>7Av bk

fi % 1% Triton X-100 % & ¢ Tris-HCI buffer [10 mM Tris-HCI, 150 mM
NaCl (pH 7.8)] TiAf#L., 17,400 g ¢ 30 oL L 72 B2V 22X %
y7uay MR LZ, FELEY Y TVIE 8% RY T YALT IRV E
Fiv>7z SDS-PAGE C47iij L 72#%. Tobin #8%5.¥ v 7 7 — [25 mM Tris-HCl, 192
mM Glycine &) 20% Methanol (pH 8.3)] # Hw>T., 250 mA, 1 K], PVDF
X7 L v (Immobilon-P membrane, Merck Millipore) IZHE L7z, 7 T X
grv7uay ik, WTFTo—Xbikz{#HL 72, 7% X5l phospho-Smadl/5
£/ 7 a—F Pk (Cell Signaling Technology; 1000 f5758). <~ 7 AH1 V5
€/ 7a—F )Pk (clone V5005, Nacalai Tesque; 1000 f548). 7% ¥Hi
Tubulin £ Y 7 v —F LFifk (Cell Signaling Technology; 1000 f575#), X
PR E LT, BHEVHERVL LT XS V=2 /ALY Xhive Y R IgG RV 7
0—F Pk, FERYIFHAVYX IgGC XY 7 a—F ik (Jackson
ImmunoResearch; 2000 f5#& M) 2 HH L 7z, F7. (LFEFEICKRIGITIX
Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore)
% Mv>, ChemiDoc XRS+ System (Bio-Rad) Z MWL ™, ML~

Mif%1%. Profinia Software (Bio-Rad) 7% F\>-CTENT L 7.
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b0 i

B L 7Ry P2 4% RV AT LT E FICEELEEL 72, Xklize ¥
= XL VRTHIAKL, X774 v CaL 2%, 8 um E T L 7,
TR E NG, 7Ly 7y =Bl )Ly e Fu— i

Z{T\», BZ-9000 #E#%EE (Keyence) 12 THIZEL 72,

HEHAnIE -

HEt P % Student’s t EE 2 H\ 72, FERIZEH+SD (n=3) £ LTEL

7o WialIEEMEIX, *1F p<0.05, **IF p<0.01 & LT L 7%,
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TER
Tet-Off YZFLATE h ALK2 OB4EE LV FOP ERBEERETZVIR

ES #ifa D31

Tet-Off > 2 7 A2 & b & + ALK2 068 % HilfH§ 2 BES Az 87§ 5 728,
<7 A BESHIIEEBRTcHS Z i L 72, ¥ 97, pZhCSfi fiffa 2 X 7 ¥ — D hCMV-1
7ue—% =Tz, CARuIC V6 ¥ 72 AL 7- & + ALK2 O¥FAER 713
FOP mZ#A (R206H) ¢cDNA %A L% (Fig. 18), 2N ZNDffZ N7
¥ —& Cre YV arvEFr—¥HIR7 ¥ —% EBRTcH3 flifldicE{ETEAL,
Cre-LoxP 2 X 24 8B Ay b oz 2355 L 72 (Fig. 18), zeocin 7
ERNTChitEaw =—%E L, X512, hygromycin &3ZME0 an =—%2 HWD
ML Z A E LU T oz v (Fig. 18), Bonr&ru— vk,
Dox fEfE P8 X OIEFEE T TR L, #i V5 € b — 7Hifk%E f v 72 80k 50
et 27> 7=, Bitko EBRTcH3 fifidix, Dox OFMIZHh2b 53, i V5 i
hoHN 2D -7 (Fig. 19A), —J7. ALK2-V5 2EBA L7270 —r D
1226 Dox JEFE TPl Vb dikodotzilo s 7n—r & LT, WEMD
WT#60, WT#65, WT#67 ® 3 7 u—> FOP OZRM ¢ RH#2, RH#36,
RH#40 @ 3 7 u— v %3EIRL 7= (Fig. 19A), E#EIRL %27 0— i3, Hko
EBRTcH3 i & Fifkic, Sl ES flldo a v =—%FR L 7z (Fig.
19B), B2 L7827 —icB8 T, Dox #FNLE ALKZ2 OHFBIEZEEN
PCR i C#NT L 72, BIHETIE Dox OB MICH D0 63 ALK2 3HH S s -

7= (Fig. 20A), —Ji. B L7 6 7 a—> TlZ, Dox f#14E NIz, Dox JEF
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EPICBWT ALK OEEBELFBE ER2#R o7 (Fig. 20A), L22L, 2160
6 7u—r7d, ALK2 AN T B BMP 254k (Alkl, Alk3, Alk6)D

WX, Dox OF#TEILL 2> 72 (Fig. 20A - 20D),

Dox IFRICERFE S5 ALK2(R206H) 13 BMP 7+ IV ZEH{LT S

I 512, ALK2 oiffifasbaiisz 585% 3 % $1 ALK2 $ifk 2 T, Dox JEFE
TCTIHE L 72 ALK2 @ FACS @tz 47> 72, Bk Tld. Dox O F T ALK2 #i
RDOHOECIRIE I 2 2 B b o 7 (Fig. 21), — ). Bz L B4R E X o FOP
DEWA ALK2 2%B9 % 6 70— Tld, Dox JEFE T CHOLEE D LR L
7l Eo, FFEI N ALK2 o5ilalE R/ T 5 2 &R S e (Fig.
21), oz, PLVLPikEH Wi Ay v 7 uy METTH, WEMEB LY
R206H Z¥URDETD 7 v — T, Dox JEFTE FIZE T ALK2-V5 DI
R 57z (Fig. 22A), #4EM ALK2 # % 7 % 3 D 7 v —r (WT#60,
WT#65, WT#67) 1%, Dox JEfA(E F T ALK2 O¥#i% 3% L CH Smadl/5
DY) vBLIZFE I Ngh o 7205, FOP @ R206H ZHik% B 2 3 @D
yu—y (RH#2, RH#36, RH#40)ix. Dox JEfZ7E ¢ Smadl/5 0V vl
ZHE L (Fig. 22A), 205 OFEHRIZ, B L B4R & 8RR ALK2 13 &
5L 5 b Dox EEET CHEI NS DD, BREDAT BMP ¥ 7 )LD
b3z % 2 L %2R,

Z 2T, Y vt Smadl/5 OFEGEHLS % & BMP > 77 VR 2 L > 7

29— L R—=—F—ZHWT, &7 a—rIzElF 3 Dox &FEN7Z BMP > 7'
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WV OTEALE B L 7z, B4R ALK2 238 A L7z 3 D 7 v — 2 Tld, Dox
JEFE T T ALK2 2FB I TH LY 7 2 7 —¥iEkI ER L &h o7 (Fig.
22B), —/i. R206H E¥{k%EA L7 3 D 70— Tld, Dox JEFHE T
T ALK2 OFBZFETL L, WInb Ly 7 2 7 —¥iEHS ER L (Fig.
22B), R206H Z %A%z AL 7z 3D 7 10— v IZE T 5 Dox KAFH 723815
THBUE NTEMED BMP OWIIGEEIE T CHh % Idl B L 1d2I2BW»THR
67 (Fig. 23A, 23B).

X 512, R206H Z£EMAE%ZE A L 72 ES #illio Dox &AMl X 2 BMP
> TP IS 5 BMP Z5RR I 7% ¥ - —ETHEA (LDN-193189) * D%
BAaRME L7, Dox JEFAE T CHAE X2 R206H £ BARE AT
Smadl/5 @Y v#{tiZ. LDN-193189 DOFMIC X > TIIF52IH & 17
(Fig. 24A), #7:, R206H Z¥{k%E AL 7-MildC. Dox JEFA(E T TR
N> 7 27 —XDiEMkS ., LDN-193189 o X - <l 17- (Fig.
24B), T#6 OfERIE, R206H £ RAEAMINLCR D & d17z Dox MAA 2
filic X 5 BMP > 7' Vo iftiAbix, 358 & 1 5 BEREIES A28 R D R206H %

BEOX F—EIERIC X > THEINL 2 LE2TRT,

R206H ZR8 ALK2 R I O—V e & (T 2REDLFES

FOP ¢i| Sk 2 s h 2 BprtEE{lid, WETEELc k> THEESh s ™,
% 2T, Dox JEfAHE [T R206H 58k 25319 % 7 v — RH#2 Z il T,

WA MEAND LR IC O W TR L 72, £9. 70— RH#2 2{EKEEE7L
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— T 5 HRERE L, 3 MEICHLT 2 IMkAZ B S 72, 2 DMk EZ
L 74, EmOVENTEESE S, TGF-1& BMP4 OFLE T, $ 72 13IBEE T
T 2 MR L 2o, Wil bofEE LC L Bla 5 —7 v (Col2al), 77
U A v (Acan), X B a5 —4">(Coll0al)® 4 mRNA &% ) 7 L% 4 & PCR T
fRIT L 72, ZOFER, TGF-p1& BMP4 ZUML Tz ay b u— LT,
Dox OHMICDH0 53 T 16 ORCE M R 28 s TR BUIEE D & ke
Do 7-H, TGF-p1 & BMP4 27N L TH#E$ 2 & | Dox fE7E T ¢ b iE ks
WG T ORBNFEE I N (Fig. 25A - 25C), & 512, Dox JEFAE T T
R206H Z#4k % FBL L Z-fifaTid, 20 s oot~ —2 —B8EE oK
DIERICHI L 7 (Fig. 25A - 25C), TGF-p1 & BMP4 Gt Mlfas % ik
LHNIRNT S 5 & Dox FAE PO L BT L 7L 7 v 7OV — Reta itk ik
Hlao B %o 7= (Fig. 26A; Dox(+)), Dox JEfALE F ¢ R206H % Bk %
FH L AMETE. 7as 7y 7V —GlEofilgis S SiIcsmL Tt h,
O % TR Efli# 2 RO 72 (Fig. 26A; Dox(-),

Z 2T B %D 6 BMP4 2[5 E TGF-B1 721 20N L 7= K5Hh% v T, Dox
RIS RS L 72 R206H 224K X 2 BMP > 7' Ui X 2 #Efilas{Lag %
Baf L7, 7 u—> RH#2 12, TGF-l 2L 725, Dox F#4E
CTHRE MR R 28 s T ORBRPFEE I N, 2 oFEEIE TGF-pl &
BMP4 [RIRFA N DR #5HRF I FE R TR A > 72 (Fig. 25D - 25F), —J. Dox
FEFEAE T ¢ R206H 2 %4k % B L 7 Ml Tlk . TGF-p1 ® A TH;#E L ¢ b, Dox

FAE IR THE Db~ — 2 —DOFRBEBE R L 7 (Fig. 25D - 25F),
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TGF-Bl DA ZHM L TR L 727 0 — v RH#2 Z ffk2EIC T % £ Dox
FERNTRE 7V 7 v 7V —3REEETH > 72D, Dox JEFE N TR 7 Le 7
¥ 7OV =BG E ORISR0 & 1z (Fig. 26B; Dox(-), —77. Dox I
FAE T O R ALK2 258813 % 7 a0 — v WTH#60 Tlt, Dox JEFETTYH,

TGF-p1 Gom#E clE- Mot E S i d - 72 (date not shown),
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R
Tet-Off VAT LATHERNS LU FOPERBE b ALK2 2RI 5V I RES

R Bk D131

R TIE, Tet-Off & 25 4% Fv» CHER ALK2 & 2\ 13 R206H £ #ik
DFEBEHIHTE 2 BS Mz iz L, FOP G o Btk e L e BB iR o
5 N2 WE ML OB Z i A7, ARWUIFEICIE, Tet-Off & 2 7 A THKRIERS
T DR RBIE TR L= v P 2SHAA LN~ 7 2 ES #llfld EBRTcH3
Z 7z %1% EBRTcH3 fllfflid, 2 € ¥ % 2 Ic¥BiT 2 ROSA26 &5 T-HEIC
tetracycline Hlf#Itk: & 7 v AFEMHALA T ((TTA) BMFHEAINTED, 512D
T, tTA #alychlflE s CMV Yu€—4%—, 8 X hysromycin
M HELS T2, 2 2D LoxP it A I LT 3 (Fig. 18), fiE> T,
tetracycline #EAAD doxycycline (Dox) F#E FTld. I L 72 tTA 2% Dox
LiEé L C DNA A% HET 2720, TIROEE FFHBAIH X 12 23, Dox
FJEFE T TIE, FEILL 72 tTA 28 TRE I2f5A L C I OEE TR EZFHET 5,
& 512 EBRTcH3 flildix, SRS 7O R S A Z ATREIC T 5 72 o
tTA BLAI D Tt 2 2@ LoxP fiidll z K>, HDAKIEIET % LoxP iyl ¢k
AR Z X7 7 — %S5 L . EBRTcHS3 ffifldic Cre J a v B+ —x & H3EH
EE 22 LT, SR K HWE T-% ROSA26 Bin T EECHlAEZ 2 Z L8 T
E 5, ¥7-. #lo EBRTcH3 fifaofH#a 2 #6712 1% hygromycin i E&E S T-23
HAZINE Y, Dox JEEAE N Tl hysromycin MitEfML E LT TE 5, L

2 L. Cre-LoxP 12 k& - T hygromycin &z 7 & HWO S EE FHS B X
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N 3% 7% hygromycin &2 W12 20T 5  ARWFFE Tl 2 X7 ¥ —IZ zeosin
MHHSEE T & s, VB & 22401 L 228548 % 7213 FOP o R206H 2853 ©
I ALK2 cDNA Z#fiA L. zeocin i « hygromycin [&32 40 a0 = — %2 iER
T22 LT, HINE T % ALK2 #E {5 TRl A 2 MlE % #ar L 72,

ALK2 ® R206H £ %k, A2 FOP 5D & FE S 47z ALK2 251k
THYH, Tx Z2ELEBROVIZES L — 71T X ) BB ERE A TH 2 2 L2
RENTVS 2T K TIE, FOP DFIERERT % @3 2 HIV T, BpAER
L FOP OZ ¥ ALK2 cDNA ZE A L7 ES#llldz, 2hzn37u—r9o
Bz L7z, 2o o ES ik, #ikko EBRTcH3 fifid & [Ffkic ES fifd i ml
gD au = —ZJgR L., Dox IEfFAE P T T 5 L b I ALKZ2 DFEBLN
FHEIN, IHICTURIELOLTH ALK2 Offiflaf EcoFRBLHER I 1L
7z (Fig. 19A, 19B, 20A, 21), ¥4 L FOP £HAD 7 u— [T, i
ALK2 OFEBL ~ROVICEIZRD o 7253, MINO BMP & 7' )Lid, Bpa:m
&2 M ALK2 S A M OMIC IR 2 B o 7o, B4 ALK2 238819 % 7
17— ik, Dox JEFEAE ¢ BMP & 7' L % iikAL L 72 5> - 72 (Fig. 224, 22B),
L7 L. R206H Z%E{k% 5B 2 7 1 — 1%, Dox JEFEIE T ALK2 O FH%
FET 2L, BMP 2L 7% TH BMP offiflgiNe 7' L 2 iEMAL L 72 (Fig.
224, 22B), H 1 HOMREHE 2 b 2 L, EBRTcH3 fifan 53 9 2 NAEHED
BMP o 1T BIZZAIC & - T, Dox RAFMICHEE X 117- R206H 28 B4 235 AL
I EFPHEINS, YV 7ILF A 2L PCR T EBRTcHS fiifid & C2C12 flifunssé

W92 BMP O 11 BIZF34 %2 i@t L 72455, EBRTcHS #ifidiz, R206H % ik
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ZiEMALT 5 ActR-1IB OFENE W I LS E k-7 (Fig. 27), M ED
WEHE D Tet-Off > 257 LTk b ALK2 OFRBAHIfH X 2 <™ 2 ES Hiifans

B LESER L 72,

BISZ UV X ES HiBaERD in vitro IcE 1T 2B BHEADMLEE

FOP 1281 2 ZpriEEbid, FICHIKEEELTREI 2 2 LG I nTw
%%, L» L., FOP TG, RAMEEL2HERTI I L6, N4
F 7= F il EORBNERITAIIEREINTE D, Birlkafkics
2 MR AN 2 ZBAIE AR 3% v, 72, FOP o Nl b % K3 % in
vivo EERE TV LI I NTE 3. FOP DFIERET O i 2 ia iR o BAFE
7212, FOP D Rrthalz KWd 2NEE T VOB NETH 5 L HEZ 5
N, 2 TR TR, B2 L 72 ESflildz v, in vitro THRE ML
DFE % RAT,

In vitro \281F 5~ X ES Mok g~ rtaFEiciz, TGF3 &
BMP4 SHHIEMICE§ 2 2 L3 E ST % ', Bl sk o 552 A
#7982 6, TGF-pl & TGF-p3 & FARICHEMINIE L2 FHET 5 2 &5
MonTws " TGE-p 7' F VI WIIA OG- MREEEK & 2 O3EhE 2 2 L |
BMP & 7' F )V i3k D 43t % TUite LI B O KBS 2 TES ¥ 5 LB 2
513, AifFFETiE, FI2 FOP @ R206H £ %A% #8194 % 7 n—> RH#2 %
v Tl b 2 8T L 7=, 7 v — > RH#2 o5z TGF-81 & BMP4 %

W4 3 L. Col2al, Acan, CollOal ¥R~ —H — DFEFANFE X
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. MO MR T TS 7Ly 7 v 7L — el o e Al 2 R o 7

(Fig. 25A - 25C, 26A), Z ® in vitro \Z 81} 2 #EHifd bz, 7 v — > RH#2
e, AR ALK2 23883 2% 70— WT#60 THHER I N7 (data
not shown), 26 OFGHRIZ, AKIFZE ORI L 72 ESfifdo 7 v — 23, TGF-B
& BMP > 7' v oM FE/EH Tigfila~o b5 2 & 2R 7,

7 u—y RH#2 % Dox JEFE T Thi# T % L. TGF-pl & BMP4 Hil#ic Xk %
Col2al, Acan, CollOal DFEAME &I L 7= (Fig. 25A - 25C),
Dox MAFINICFEIRHSFHEE X 17z ALK2 @ R206H & %4k, Ml o BMP & 2
T RITES R E PRI, 22T, 7u—r RH#2 % TGF-pl 721}
TRl L 785 85% CHCE 4 LBE 2 Bt L 72, Dox 7746 T ¢ R206H £ Bk F 3
PHI S Tk, TGF-pl HIEL D A TIXIEE 2 E o LIEFEE S Lk
-7 (Fig. 25D - 25F), L% L, Dox JEFE T/ u— v RH#2 285# T % & |
TGF-p1 #l D AT Col2al, Acan, CollOal DFEBHFHE X - (Fig. 25D
- 25F), I 5 OfERIZ, WEERICHINL 72 TGF-1 IZ & - CHFE I N2 ikE
fiE A3, Dox I FEE X 417z R206H ARk %/~ L 72 BMP ¥ 7' )L i
EoT, sl nNdbotEIoNSE, LrL, ZDL EIFHHAL LKE
Mt~ — 5 —EE T O FBEIZ  TGF-1 & BMP4 HME; & H D7 o 7,
U, ARMED BMP IR X 5> 7 Vv oiEt b & . R206H 28544k o FE B
I2 & %5 BMP > 7V OiEHALD > 7 F OVIEEALIREDE I K> THEL % B
DEZEZ LN,

7w — RH#2 % TGF-p1 & BMP4 T3 % &, Dox JEFEAE T Tk, b
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WETT? IS 7 ¥ 7N —ICRE S N5 RIRE AR S 1172 (Fig. 26A),
—7J7. TGF-Bl DA THIELL 75613, Dox R I CTHlIIBLD —EBIc 7 v &
7 v 7N — B oWE k% S 7 (Fig. 26B), THHERYIZ1Z Dox JEFA1E Gl
# L7 TGF-p1 FRAAET, & b SBIHY 22 IR E BRI 235589 & L7z 23, MR
EMaot~e—A—t LTHons ColOal D¥BlZ, TGF-1 & BMP4
TR L 72l sEr o7, ZOFEKRO 1 2L LT, Eilaotzish
IZEEE T 2 BMP % in vitro TRAHUZEI L 72541213, in vivo D BRI E
THRSON S &9 a8 1 2 BEZL &S TR BOMHBIB R A
ST, MG TFHREN L DR JUEL 2N EZ o NS, ZOHREEE KR
AET 57 oicid, 7u—Y RH#2 # X —F< 7 RAIZBML T ex vivo T7 7 b
—REEIE S L) BEBREZT O, EHIS IS BT 2 TR &S T

FHOBHZ S S ISRl 2 823D 5

B L 7e¥ o R ES #ifatk DI

AFZEClE, Tet-Off & 2 F 2 CE AR ALK2 & % \» 13 FOP % %7 R206H
DFEBZHIE L. Dox AFHI 72 BMP & 7'+ L DiEMALAE 2 2 ES flllfia 2 #6637
L7, &5i2, R206H ZHAZHKHT 2 7 u— RH#2 % T, R206H %
Hik%E A L7 BMP & 7' VI & 2808 5 GEFER ORISR L 72, KIFFET
BIZ L 72 ES #ifto & sE IR~ 0 /3 LEFE% %2 v T, FOP o Bprikatic
B 2 e s MEo R Z BT 2 2 LR LB L oD, iz,

R206H £ k% %< 2 ES #ifisd BMP + 7'+ L iEH: 2. BMP o 1 BIaz454k
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RPN 2R T % F — X IHERITH 5 LDN-193189 THI| & #17- (Fig. 24A,
24B), T Clc, in vitro Dffilas{bE 7 V% T, LDN-193189 DI4tic
LB D BMP & 7' VBHERIDSR G S e w g &M ORFgRIc B Tz L
7 FER I3, R206H ¥R % A L 72 8Bl 2 B0 & L 2298 HEE
ATV ==V IV 2 EDARETH D S8, FOP Din#EE ORI H#k

T35 LI NS,
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4 lx, FOP poRES N b PR ALK2 o¥EBlz, Tet-Off > 27 4
THIfICE 3+ A BS gz r Lz, 512, 2@ ESHllfez fAvT, Dox
WAF 2 in vitro \IZ B\ 2GS R 2L L 7z, T4k, FOP IR %
WP B L ORI RS & 5 2 & 4 2 BSKAINE 2> S g fla~ D b 2 s U 72
in vitro DIREE TNV EEZ 5N D, KHERRIZ, FOP O ®tEE{LosrT 2
A =R L ORI, 2R ALK2 12 X 285 TE % Bl 2 R BETEEYE o A

JV—=VITICOEHATHLEEZLS,
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e

43, AR FOP JERI o R206H 285444k & | JEZEME: FOP SERI D G325A %2
RV B 2 RBRE R T 2 D 0EREOIEHAEEO NI 2175 2 LT,
FOP OB ELD X H = X L% H S & Lz, KL TiE, FOP @ ALK2 %
Wik BMP @ 11 BIz2 454K (BMPR-II & ActR-1IB) IZ & » TiEMAL I v d <,
ALK2 OZREIC X DiEH b g I MZERERPIRLE 2 2R L7, s
i¥ FOP DREFAKFEIRDE I T 2 MRS I I e, 1T BIRAEAERIC K 2
FOP @ ALK2 ZRADIHMAGIE, 1T BZEED ¥ 7 —LIEEICKRE L TEE S
Nz, 2o IEZEREIC X 2 ALK2 OiEMHELICiZ, ALK2 o T203 I EHE
THHI ERRNLTI,ALK2 O T203 Bl B3 YL I N2 DTIE% <,
ALK2 5372k VIBhL L2 UE I ¥ T 7 L 2 iEHAL T 5 ATRg kDY
R XN, T ALK2 @ T203 13, T [ BMP Z454ETHRES L7 A
LA VBT, s i3 ) Ay FRIBIC X 2 BMP > 7 L ofEtE(kic 2428
THHZEEHSPICL T, Tk id, 1T BMZEMKICE 5 T203 2/ L7 ALK2
DIFHAL E ) Bl e X A= AL 2B L, THUIHTHLO FOP IGHREEDFIFEIC
FHILHLEZONS,

X51cH 41k, FOP o RESI N b NERE ALK2 0FBl% . Tet-Off &
AT L CHIHTE 2+ A ESfildz B L 72, & 512, 2D ES iz T
in vitro \IZ B\ 2B LFEER ZHE L 72, Z4ud, FOP 2B 2458 ALK2
I & B NI B L OBIHBE % KB L 72 in vitro DJRIEE T L TH B EE X

515, AFEERIE, FOP OEFMELIIED T X /1 = X L DfF#%, FOP
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DIEBID A7) —= v DICEHTH 5 2 LRI NI,
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I

KX 2 HET 2IH7 ) ERRICE W THIEE N E £ L WA
B 2 TR T REARRE IR 5 43 L o BB L0 B HIIE A B SR, 72 6 N, SRR
KT ) DEEE X v & — R BA BT R MG A5 2z 178 < IR L

%

%=

9. . AWIRICH L TE D T2 W7 72 7 BIHER th “A TR I e
REIE S E B RUR IR 2 0 B O B B OB, MR RERERS T ) LR
Wit v & — R ABAE BT D BRI IE C BLEF L RIF £ 9

AW D —Bi%. JSPS FHAE (25293326, 25861339, 24592278), FAL
KA TSR SRR DB 2 520 7o, 72, 2014 4RFE, &AL
e B (WA, ARy DBz 7,
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Table 1. Nucleotide sequences of PCR primers.

Table 2. Nucleotide sequences of qRT-PCR primers.

Figure 1. Over-expression of ALK2(G325A) in C2C12 cells induces BMP specific
luciferase activity via the phosphorylation of Smad1/5.

(A) BMP-specific luciferase reporter activity induced by mutant ALK2. C2C12 cells
were co-transfected with increasing amounts of wild-type ALK2, ALK2(G325A) or
ALK2(R206H) and a BMP-specific reporter plasmid, Id1 WT4F-luc. After 24 hr, the
activities of firefly and renilla luciferase were determined. *, p < 0.05 and **, p < 0.01
versus ALK2(WT) transfected cells [Student’s t-test]. The data are expressed as the
mean = SD (n = 3).

(B) Inhibition of mutant ALK2 activity by a kinase inhibitor of BMP receptors. C2C12
cells transfected with ALK2 (150 ng) and the Id1WT4F-luc reporter were treated
overnight with or without increasing amounts of LDN-193189 (0 to 100 nM). *, p <
0.05 and **, p < 0.01 versus without LDN-193189 cells [Student’s t-test]. The data are

expressed as the mean £+ SD (n = 3).

Figure 2. ALK2(G325A) in C2C12 cells induces ALP activity weaker than
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ALK2(R206H).

(A) Western blot analysis of phosphorylated Smad1/5. C2C12 cells were co-transfected
with V5 tagged wild-type (WT) or mutant ALK2 (100 ng) and FLAG-Smad1 (100 ng).
Whole-cell lysates were analyzed with antibodies against phospho-Smad1/5, V5-tag,
FLAG-tag, Smadl and tubulin. The data are representative of N = 4 blots.

(B) ALP activity induced by the co-operative activity of ALK2 and Smad1. C2C12 cells
were co-transfected with WT or mutant ALK2 (100 ng) and Smadl (100 ng). After 3
days, ALP activity was determined by measuring the absorbance at 405 nm. The data
are expressed as the mean £ SD (n = 3). *, p < 0.05 and **, p < 0.01 versus

mock-transfected cells [ANOVA].

Figure 3. BMPR-II and ActR-IIB, but not ActR-IIA or TbR-II, enhance ALP
activity in C2C12 cells in co-operation with mutant ALK2.

(A-D) BMPR-II and ActR-IIB induced ALP activity in co-operation with mutant ALK2.
C2C12 cells were co-transfected with 100 ng of WT ALK2 (closed triangles),
ALK2(R206H) (open circles), ALK2(G325A) (closed squares) or a mock vector (x) and
with increasing amounts (0 to 100 ng) of BMPR-II (A), ActR-ITIA (B), ActR-IIB (C) or
TbR-II (D). The total amount of transfected DNA was adjusted to 200 ng/well using an
empty vector. ALP activity was determined on day 3. The data are expressed as the

mean = SD (n = 3).
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Figure 4. BMPR-II and ActR-IIB enhance mutant ALK2 associated with FOP but
not mutant ALK2 associated with heart disease.

(A-D) The effects of BMPR-II and ActR-1IB on ALK?2 mutants identified in FOP and
heart disease patients were examined. C2C12 cells were co-transfected with 100 ng of
an ALK2 vector carrying mutations identified in FOP (A and B) or heart disease
patients (C and D) and 100 ng of BMPR-II (A and C) or ActR-IIB (B and D). ALP
activity was determined on day 3. The data are expressed as the mean = SD (n =3). *, p
< 0.05 and **, p < 0.01 versus BMPR-II or ActR-IIB transfected cells [ANOVA]. The
expression levels of mutant ALK2 were determined through Western blot analysis using

antibodies against V5-tag and tubulin. The data are representative of N = 4 blots.

Figure 5. The kinase activity of BMPR-II and ActR-IIB is essential for the
enhancement of mutant ALK2.

(A-D) Kinase activity-deficient type II receptors failed to enhance mutant ALK2.
ALK2(R206H) (A) and ALK2(G325A) (B) (100 ng) were co-transfected in C2C12 cells
with wild-type (WT) or kinase activity-deficient (KR) BMPR-II (A) and ActR-IIB (B)
(100 ng), respectively. ALP activity was determined on day 3. The data are expressed as
the mean = SD (n = 3). * p < 0.05 and **, p < 0.01 [ANOVA]. Whole-cell lysates
prepared from the transfected cells were analyzed via Western blot analysis using
antibodies against phospho-Smadl/5, V5-tag (ALK2), FLAG-tag (type II receptors),

Smadl and tubulin (C and D). The data are representative of N = 4 blots.
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Figure 6. ALK2(Q207D) is activated by BMPR-II and ActR-IIB, but not ActR-1TA
or TbR-II.

(A-D) The effect of type II receptors on ALK2(Q207D) was examined. ALK2(Q207D)
(100 ng) was co-transfected into C2C12 cells with increasing amounts (0 to 100 ng) of
BMPR-II (A), ActR-IIA (B), ActR-IIB (C) and TbR-II (D). ALP activity was

determined on day 3. The data are expressed as the mean = SD (n = 3).

Figure 7. BMPR-II and ActR-IIB activate ALK2(Q207D) in a Kkinase
activity-independent manner.
(A and B) ALK2(Q207D) (100 ng) was co-transfected in C2C12 cells with wild-type
(WT) and kinase activity-deficient (KR) BMPR-II (A) and ActR-IIB (B) (100 ng), and
ALP activity was determined on day 3. The data are expressed as the mean = SD (n = 3).
* p<0.05and **, p<0.01 [ANOVA].

(C and D) Whole-cell lysates prepared from the transfected cells were analyzed
through Western blot analysis with antibodies against phospho-Smadl/5, V5-tag
(ALK2), FLAG-tag (type II receptors), Smadl and tubulin. The data are representative

of N =4 blots.

Figure 8. A schematic of GS domain of ALK2 (9AV, 7AV, 2AV)

Amino acid sequences of the GS domains of wild-type (WT) and mutant ALK2. Of the
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nine Ser and Thr residues (in bold) present in WT ALK2, nine, seven and two residues
were mutated to Ala and Val residues in the 9AV, 7AV and 2AV constructs,
respectively. These mutations were introduced in ALK2(R206H) and ALK2(G325A),

and their activity was analyzed.

Figure 9. Functional analysis of the role of the ALK2 GS domain in type II
receptor-dependent enhancement.

(A and B) Co-operative induction of ALP activity in C2C12 cells by mutant ALK2
carrying mutations in the GS domain plus type II receptors. ALK2(R206H) (A) and
ALK2(G325A) (B) carrying the 9AV, 7AV and 2AV mutations (or empty vector) (100
ng) were co-transfected with BMPR-II (A) and ActR-IIB (B) (100 ng), respectively.
ALP activity was determined on day 3. The data are expressed as the mean = SD (n = 3).
* p <0.05 and **, p <0.01 versus mock-transfected cells [Student’s t-test].

(C and D) Whole-cell lysates from cells transfected with the indicated ALK2 and
BMPR-II (C) or ActR-IIB (D) constructs were analyzed via Western blot analysis with
antibodies against phospho-Smadl/5, V5-tag (ALK2), FLAG-tag (type II receptors),

Smadl and tubulin. The data are representative of N = 4 blots.

Figure 10. Schema of GS domain of ALK2 (T203V, T209V, 8AV)

Amino acid sequences of the GS domains of wild-type (WT) and mutant ALK2. Of the

nine Ser and Thr residues (in bold) present in WT ALK2, Thr203, Thr209 or the eight
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residues other than Thr203 were mutated to Ala and Val residues in the T203V, T209V
and 8AV mutants, respectively. These mutations were introduced in ALK2(R206H) and

ALK2(G325A), and their activity was analyzed.

Figure 11. Thr203 of ALK2 is a crucial residue for the type II receptor-dependent
enhancement of ALK2.

(A and B) Co-operative induction of ALP activity in C2C12 cells by type II receptors
and mutant ALK2 constructs bearing mutations in the GS domain. ALK2(R206H) (A)
and ALK2(G325A) (B) carrying the T203V, T209V and 8AV mutations (or empty
vector) (100 ng) were co-transfected with BMPR-II (A) and ActR-1IB (B) (100 ng),
respectively. ALP activity was determined on day 3. The data are expressed as the mean
+ SD (n = 3). *, p < 0.05 and **, p < 0.01 versus mock-transfected cells [Student’s
t-test].

(C and D) Whole-cell lysates from C2C12 cells transfected with the indicated ALK2
and BMPR-II (C) or ActR-IIB (D) constructs were analyzed via Western blot analysis
with antibodies against phospho-Smadl/5, V5-tag (ALK2), FLAG-tag (type II

receptors), Smadl and tubulin. The data are representative of N = 4 blots.

Figure 12. The Thr residue at position 203 in ALK2 is conserved in various species

and BMP type I receptors.

(A) Alignment of the GS domains of ALK2 of Homo sapience, Mus musculus, Rattus
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norvegicus, Canis familiaris, Bos taurus, Gallus gallus, Xenopus laevis, Danio rerio,
and Fugu rubripes. The Thr residue at position 203 in human ALK2 is conserved in all
of the various species.

(B) Alignment of the GS domains of BMP type I receptors human ALK2, murine
ALK1, ALK3 and ALK6. The Thr residue at position 203 in ALK2 is conserved in all
of the receptors; these residues are mutated to Val residues in ALKI(T197V),

ALK3(T229V) and ALK6(T199V).

Figure 13. The conserved Thr residues are crucial for ligand-induced signal
transduction.

(A-D) Effect of substitution mutations at positions of the conserved BMP type I
receptor Thr residues on ligand-induced signaling. HEK 293A cells were co-transfected
with wild-type (WT) or mutant type I receptors (T197V, T203V, T229V and T199V in
murine ALK1 (A), human ALK2 (B), murine ALK3 (C) and murine ALK6 (D),
respectively) (100 ng) and a BMP-specific [d1 WT4F-luc reporter plasmid (40 ng). The
cells were stimulated overnight with 1.0 ng/ml GDF2/BMP9 (A), 10 ng/ml BMP7 (B),
10 ng/ml BMP4 (C) or 10 ng/ml GDF5 (D). Luciferase activity was measured on day 1.

The data are expressed as the mean + SD (n = 3). *, p <0.05; **, p <0.01 [ANOVA].

Figure 14. T203 in ALk2 enhances BMP signaling in an unphosphorylated state.
(A and B) The T203D and T203E ALK2 mutants did not induce ALP activity, even in

the presence of type II receptors. C2C12 cells were co-transfected with ALK2(R206H)
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(A) or ALK2(G325A) (B) (100 ng), either without or with one of mutations indicated in
the figure, and with BMPR-II (A) and ActR-IIB (B) (100 ng), respectively. ALP
activity was determined on day 3. The data are expressed as the mean + SD (n = 3). **,

p <0.01 versus mock-transfected cells [Student’s t-test].

Figure 15. T203 in ALK2 regulates the type II receptor-dependent
phosphorylation levels of ALK2.

(A and B) Phosphorylation levels of ALK?2 without (A) and with (B) T203V mutation.
C2C12 cells were co-transfected with ALK2 wild-type, R206H and G325A (100 ng)
with BMPR-II or ActR-IIB (100 ng). Whole cell lysates were separated in SDS-PAGE
with and without a Phos-tag reagent followed by Western blot analysis with antibodies
against V5-tag (ALK2) and FLAG-tag (type II receptors). The amount of
phosphorylated ALK2 was expressed as percentage of total (phosphorylated and

unphosphorylated) ALK2. The data are representative of N = 4 blots.

Figure 16. LDN-193189 inhibited activity induced by the over-expression of
ActR-IIA in C2C12 cells.

Inhibition of activity induced ActR-IIA by a kinase inhibitor of BMP receptors. C2C12
cells were co-transfected with 100 ng of ALK2(R206H) (open circles) or a mock vector
(x) and with increasing amounts (0 to 100 ng) of ActR-IIA. After trasfection, C2C12

cells were treated with or without LDN-193189 (100 nM). ALP activity was determined
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on day 3. The data are expressed as the mean + SD (n = 3).

Figure 17. FKBP12 inhibited activity induced by the over-expression of mutant
ALK2.

Inhibition of mutant ALK2 activity by FKBP12. C2C12 cells transfected with ALK2
(75 ng) and the Id1WT4F-luc reporter (40 ng) were treated overnight with or without
FKBP12 (75 ng). The data are expressed as the mean £+ SD (n = 3). *, p <0.05 and **, p

< 0.01 versus mock-transfected cells [Student’s t-test].

Figure 18. Establishment of murine ES cell lines carrying mutant FOP-associated
ALK2.
A schematic representation of the ROSA26 locus and exchange vector for V5-tagged

human ALK2(WT) and ALK2(R206H).

Figure 19. Selection of ES cells which induce ALK2(WT) or ALK2 (R206H) in Dox
dependently.

(A) Immunohistochemical staining of ALK2(WT) and ALK2(R206H) using an
antibody against the V5-tag. ES cells were cultured for 2 days in the presence [Dox(+)]
and absence [Dox(-)] of 1 mg/ml Dox. The colonies that were formed were stained with
an antibody against the V5-tag.

(B) Colonies formed in parental ES cells and their subclones carrying ALK2(WT) or
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ALK2(R206H). Phase contrast views.

Figure 20. The 6 subclones expressed human ALK2 mRNA absence of Dox.

(A) The specific induction of ALK2 mRNA in ES cells under the control of the Tet-Off
system. The ES cells were cultured for 2 days in the presence (open bars) and absence
(closed bars) of 1 mg/ml Dox. The expression levels of the mRNA of ALK2(A), AlkI(B),
Alk3(C), Alk6(D) were determined by qRT-PCR. Data were expressed in fold induction

in the absence of Dox compared to the presence of Dox.

Figure 21. ALK2(WT) and ALK2(R206H) proteins were expressed on the cell
surface in the absence of Dox.

Flow cytometry analysis of ALK2(WT) and ALK2(R206H) in ES cells. The ES cells
that had been cultured for 2 days in the presence (blue areas) and absence (green lines)
of 1 mg/ml Dox were stained with an antibody against ALK2 and analyzed by

FACSCalibur.

Figure 22. Induction of ALK2(R206H) activates intracellular signal transduction
of BMPs in ES cells.

(A) Western blot analysis of V5-tagged ALK2 and phosphorylated Smad1/5. ES cells
were cultured for 2 days in the presence (+) and absence (-) of 1 mg/ml Dox.
Whole-cell lysates were analyzed by western blotting using antibodies against the

V5-tag (ALK2-V5), phosphorylated Smadl/5 (P-Smad1/5) and tubulin. The data are
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representative of N = 4 blots.
(B) Luciferase reporter assay in ES cells. The ES cells were transfected with a
BMP-specific luciferase reporter, [d1 WT4F-luc (40 ng), and cultured overnight in the

presence (open bars) and absence (closed bars) of 1 mg/ml Dox.

Figure 23. ALK2(R206H) activates Id1 and Id2 genes expression.

(A and B) Expression of endogenous Idl and Id2 mRNAs in ES cells carrying
ALK2(R206H). The ES cells were cultured for 2 days in the presence (open bars) and
absence (closed bars) of 1 mg/ml Dox. The expression levels of IdI(A) and Id2(B)
mRNAs were determined by qRT-PCR. Data were expressed in fold induction in the

absence of Dox compared to the presence of Dox.

Figure 24. LDN-193189, a specific small molecule chemical inhibitor of BMP type I
receptors, inhibits Dox-dependent BMP signaling in ES cells carrying
ALK2(R206H).

(A) Western blot analysis of phosphorylated Smad1/5. ES cells carrying ALK2(R206H)
were cultured for 2 days in the presence (+) and absence (-) of 0.1 mM LDN-193189
and 1 mg/ml Dox. Whole-cell lysates were analyzed by western blotting using
antibodies against phosphorylated Smadl/5 (P-Smadl/5), the V5-tag (ALK2-V5) and
tubulin. The data are representative of N = 4 blots.

(B) Luciferase reporter assay in ES cells carrying ALK2(R206H). The ES cells were
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transfected with a BMP-specific luciferase reporter, [Id1 WT4F-luc (40 ng), and cultured
overnight in the presence (+) and absence (-) of 0.1 mM LDN-193189 (hatched bars)

and 1 mg/ml Dox (open bars).

Figure 25. Chondrogenic differentiation of RH#2 cells carrying ALK2(R206H).

Chondrogenesis of RH#2 cells was induced as described in the Materials and Methods
section. The cells were maintained with 10 ng/ml of TGF-$1 and 50 ng/ml of BMP-4
(A - C) or 10 ng/ml of TGF-B1 alone (E - G) in the presence (open bars) or absence
(closed bars) of 1 mg/ml Dox. The expression of Col2al (A and E), Acan (B and F) and
Coll0al (C and G) mRNA was determined by qRT-PCR. The relative mRNA levels

were expressed in comparison to the control cultures in the presence of Dox.

Figure 26. Histological analysis of RH#2 chondrogeneic differentiation.

The cells were maintained with 10 ng/ml of TGF-B1 and 50 ng/ml of BMP-4 (A) or 10
ng/ml of TGF-B1 alone (B) in the presence or absence of 1 mg/ml Dox. Macroscopic
chondrogenesis of the pellets was evaluated by alcian blue staining of paraffin sections.

Scale bars indicate 200 mm.

Figure 27. EBRTcH3 cells showed higher expression level of ActR-1IB than C2C12

cells.

The ES cells and C2C12 cells were cultured for 2 days. The expression levels of the
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mRNA of Acvr2b were determined by gqRT-PCR. Data were expressed in fold induction
in the level of C2C12 cells. The data are expressed as the mean = SD (n = 3). *, p <

0.05 and **, p < 0.01 versus mock-transfected cells [ANOVA].
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Table 1. Nucleotide sequences of PCR primers.

Primer Sequence (5' > 3')

R206H-Fw GGTACAAAGAACAGTGGCTCACCAGATTACACTG
R206H-Rev CAGTGTAATCTGGTGAGCCACTGTTCTTTGTACC
G325A-Fw ATTGCACATAGAGATATTTGCGACCCAAG

G325A-Rev CTTGGGTCGCAAATATCTCTATGTGCAAAT

L196P-Fw CAGGAAGTGGCTCTGGTCCTCCTTTTCTGGTAC
L196P-Rev GTACCAGAAAAGGAGGACCAGAGCCACTTCCTG
R202I-Fw CCTTTTCTGGTACAAATAACAGTGGCTCGCCAG
R202I-Rev CTGGCGAGCCACTGTTATTTGTACCAGAAAAGG
PF197-8L-Fw GTGGCTCTGGTCTTCTTCTGGTACAAAGAA
PF197-8L-Rev GTTCTTTGTACCAGAAGAAGACCAGAGCCA

Q207E-Fw CAAAGAACAGTGGCTCGCGAGATTACACTGTTGGAGTG
Q207E-Rev CACTCCAACAGTGTAATCTCGCGAGCCACTGTTCTTTG
R258S-Fw CAACACTGTGATGCTGAGCCATGAAAATATCTTAGGTTTC
R258S-Rev GAAACCTAAGATATTTTCATGGCTCAGCCACAGTGTTG
G328R-Fw GATATTTGGGACCCAAAGGAAACCAGCCATTGCCC
G328R-Rev GGGCAATGGCTGGTTTCCTTTGGGTCCCAAATATC
G328W-Fw GATATTTGGGACCCAATGGAAACCAGCCATTGCCC
G328W-Rev GGGCAATGGCTGGTTTCCATTGGGTCCCAAATATC
G328E-Fw GATATTTGGGACCCAAGAGAAACCAGCCATTGCCC
G328E-Rev GGGCAATGGCTGGTTTCTCTTGGGTCCCAAATATC
G356D-Fw CATAGCAGATTTGGACCTGGCAGTCATGCATTCC
G356D-Rev GGAATGCATGACTGCCAGGTCCAAATCTGCTATG
R375P-Fw GCGCTTGGTGCCCACAGGGGGATTGTTCCC

R375P-Rev GGGAACAATCCCCCTGTGGGCACCAAGCGC

ALKI1(T197V)-Fw
ALKI(T197V)-Rev
ALK3(T229V)-Fw
ALK3(T229V)-Rev
ALK6(T199V)-Fw
ALK6(T199V)-Rev
ActR-TIB KR-Fw

ActR-TIB KR-Rev

CCCTTCTTGGTGCAGAGGGTGGTAGCTCGG
CCGAGCTACCACCCTCTGCACCAAGAAGGG
CCTTTATTGGTTCAGCGAGTTATTGCCAAA
TTTGGCAATAACTCGCTGAACCAATAAAGG
CCTCTGCTGGTCCAAAGGGTAATAGCTAAG
CTTAGCTATTACCCTTTGGACCAGCAGAGG
CGACTTTGTGGCTGTGAGGATCTTCCCACTTC
GAAGTGGGAAGATCCTCACAGCCACAAAGTCG
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Table 2. Nucleotide sequences of qRT-PCR primers.

Primer Sequence (5' > 3')

ALK2-Fw ACATACCCAACAGATGGTTCTC
ALK2-V5-Rev AGAGGGTTAGGGATAGGCTT
Alk1-Fw CCAGCTTCAGCAGACATTCCAC
Alkl-Rev AGGTACCGCCTGTCCCAAGA
Alk3-Fw GTGGTGTAGCCCTTGTGGTAATGA
Alk3-Rev CCTCTGTGGACTGATACACTGCTTG
Alk6-Fw GGACATGCTGGACTTGGCTTC
Alk6-Rev TTATTAGGGACTTGTGAGCCTGGAC
Id1-Fw GCGAGATCAGTGCCTTGGCG
Id1-Rev CTCCTGAAGGGCTGGAGTCC
1d2-Fw GGACATCAGCATCCTGTCCTTG
Id2-Rev CTCCTGGTGAAATGGCTGATAAC
Col2al-Fw AGGGCAACAGCAGGTTCACATAC
Col2al-Rev TCCATGGGTGCGATGTCAATA

Aggrecan-Fw
Aggrecan-Rev
Coll0al-Fw
Coll0al-Rev
ActR-1IB-Fw
ActR-IIB-Rev
Atp5fl-Fw
Atp5fl-Rev

GATCTGGCATGAGAGAGGCG
GCCACGGTGCCCTTTTTAC
TTCTCCTACCACGTGCATGTG
AGGCCGTTTGATTCTGCATT
GCACCATCGAGCTGGTGAAG
TGAAGCGCTCGTTGCAGAA
AACATGATGCGTCGCAAGGA
CAATGCACTTGGCAATGGTCTC
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