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19 Japanese patients with sporadic FOP. This mutant receptor,
ALK2(R206H), activates BMP signaling without ligand binding.
Moreover, expression of Smad1 and Smad5 was up-regulated
in response to muscular injury. ALK2(R206H) with Smad1 or
Smad5 induced osteoblastic differentiation that could be inhib-
ited by Smad7 or dorsomorphin. Taken together, these findings
suggest that the heterotopic bone formation in FOP may be
induced by a constitutively activated BMP receptor signaling
through Smad1 or Smad5. Gene transfer of Smad7 or inhibition
of type I receptors with dorsomorphin may represent strategies
for blocking the activity induced by ALK2(R206H) in FOP.

Fibrodysplasia ossificans progressiva (FOP2; OMIM135100)
is a rare autosomal dominant genetic disorder with ectopic
bone formation in skeletal muscle tissue (1–4). At birth, most
patients with FOP have malformations of the great toes, with
hallux valgus, but do not have significant ectopic ossification.
Heterotopic bone formation in the muscles and other soft tis-
sues begins in early childhood and is further exacerbated by

trauma, surgical treatment, lesional biopsies, and intramuscu-
lar injection (4, 5).
Ectopic bone formation similar to that observed in FOP is

induced by implantation of bone morphogenetic proteins
(BMPs) into muscle tissue (6–8). BMPs are members of the
transforming growth factor-! (TGF-!) superfamily that were
originally isolated from demineralized bone matrix and identi-
fied as factors responsible for induction of bone formation (6,
7). BMP signaling is transduced by two different types of serine/
threonine kinase receptors, termed type I and type II receptors
(9, 10). The ligand-bound type II receptor activates type I recep-
tor kinase through phosphorylation of the glycine-serine (GS)
domain, which is highly conserved among type I BMP and
TGF-! receptors. ACVR1/ALK2, BMPR-IA/ALK3, BMPR-IB/
ALK6, and ALK1 function as BMP type I receptors. Activated
BMP type I receptor kinase activity in turn phosphorylates
receptor regulated Smads, including Smad1, Smad5, and
Smad8. Phosphorylated regulated Smads form heteromeric
complexes with Smad4 and translocate into the nucleus to
regulate transcription of various target genes, including ID1,
which encodes an inhibitor of myogenesis (10–13). Inhibi-
tory Smads (I-Smads), Smad6 and Smad7, are also induced
by BMPs. I-Smads inhibit the BMP signaling pathways and
thus form a negative feedback loop that down-regulates
BMP signaling (14, 15). Altered BMP signaling in FOP cells

2 The abbreviations used are: FOP, fibrodysplasia ossificans progressiva; BMP,
bone morphogenetic protein; ACVR1, activin A type I receptor; ALK, activin
receptor-like kinase; ALP, alkaline phosphatase; MHC, myosin heavy chain;
RT, reverse transcription; TGF-!, transforming growth factor-!; I-Smad,
inhibitory Smad.

FIGURE 1. ALK2(R206H) acts as a constitutively activated BMP receptor. A, C2C12 cells were co-transfected with FLAG-tagged Smad1 and a V5-tagged
wild-type ALK2 (WT), ALK2(R206H), or BMPR-IA(Q233D). Cell lysates were immunoblotted with anti-phospho-Smad1/5/8, anti-FLAG, or anti-V5 antibody.
Constitutively active BMPR-IA(Q233D) was used as a positive control. B, C2C12 cells transfected with wild-type ALK2 or ALK2(R206H) were immunostained with
anti-phospho-Smad1/5/8 or anti-V5 antibody and 4!,6-diamidino-2-phenylindole (DAPI). C, C2C12 cells were co-transfected with IdWT4F-luc reporter plasmid
and wild-type ALK2, ALK2(R206H), or BMPR-IA(Q233D). Results are the means " S.D. (n # 3). **, p $ 0.01; ***, p $ 0.001 compared with vector transfection.
D and E, C2C12 cells were co-transfected with Id-EGFPd2 reporter plasmid and wild-type ALK2, ALK2(R206H), or BMPR-IA(Q233D). Levels of enhanced green
fluorescent protein were determined by fluorescence microscopy (D) and immunoblotting (E). F, C3H10T1/2 cells co-transfected with a MyoD expression
construct (24) and empty vector, wild-type ALK2, ALK2(R206H), or BMPR-IA(Q233D) were stained with anti-MHC antibody.
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Moreover, expression of Smad1 and Smad5 was up-regulated
in response to muscular injury. ALK2(R206H) with Smad1 or
Smad5 induced osteoblastic differentiation that could be inhib-
ited by Smad7 or dorsomorphin. Taken together, these findings
suggest that the heterotopic bone formation in FOP may be
induced by a constitutively activated BMP receptor signaling
through Smad1 or Smad5. Gene transfer of Smad7 or inhibition
of type I receptors with dorsomorphin may represent strategies
for blocking the activity induced by ALK2(R206H) in FOP.
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Vector WT R206HALK2-V5:

V5

P-Smad1/5

FL-Smad1

Fukuda et al. (2009) J. Biol. Chem. 284:7149-7156



FOPでは筋再生に伴い骨化が進行する

Cardiotoxin (CTX)PBS

出生時の筋は正常

筋の損傷で骨化
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GSドメインのリン酸化がALK2の活性化に重要である
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FOPにおける筋再生と異所性骨化
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