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double bmp2b/bmp7 mutant phenotype (39). Homozygous mutant
bmp2b or bmp7 embryos exhibited a strongly dorsalized phenotype
(25% of all progeny were CS), whereas sibling embryos (wild-type
and heterozygotes; 75% of all progeny) showed a wild-type pheno-
type (Figure 5A). Microinjection of mutant R206H ACVR1 RNA
induced embryonic ventralization, indicating BMP signaling over-
activation, in the presence of BMP (wild-type or heterozygotes, Fig-
ure SA), as well as in bmp7- or bmp2b-null embryos (Figure 5A). To
completely knock down all BMP ligand expression in the embryos,
we injected a bmp2b morpholino into bmp7-/- embryos. The single
and double BMP ligand-deficient embryos (Figure 5B) showed
strongly dorsalized phenotypes due to loss of BMP signaling. By
contrast, single and double BMP-deficient embryos responded to
injected mutant R206H ACVR1 by exhibiting a strongly ventral-
ized phenotype (Figure SB). Importantly, the wild-type ACVR1
showed no rescuing ability when injected into bmp7-null mutant
embryos (n = 290, 60 pg ACVRI mRNA). Thus, these results show
that the mutant ACVR1 acts downstream of BMP ligand and acti-
vates BMP signaling in vivo in a BMP-independent manner.
Mutant R206H ACVRI enhances chondrogenesis. Heterotopic bone
formation in FOP patients develops through an endochondral
ossification pathway in which a fibroproliferative vascular stage
is followed by chondrogenesis and then replacement of cartilage
by bone (4, 40). To investigate whether mutant R206H ACVR1 can
influence chondrogenesis, we examined effects on chondrocyte dif-
ferentiation by the ACVR1 mutation in chick limb bud micromass
cultures that were infected with retroviral constructs containing
either wild-type or mutant ACVR1. Overexpression of wild-type
ACVR1 had no effect on extracellular matrix accumulation, which
was monitored by Alcian blue staining, or on ALP activity when
3466
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Figure 4
ACVR1 mutation signaling requires the
BMP/Smad signaling pathway. (A-D)
Compared with uninjected embryos (A),
wild-type embryos injected with 10 pg
mutant R206H ACVR7 mRNA showed a
range of ventralized phenotypes at 1 day
after fertilization: weak (V1, B; and V2, C),
moderate (V3, D), and strong (V4 and V5,
examples shown in Figure 3, D and E).
Scale bars: 0.2 mm. (E-H) Compared
with uninjected embryos (E), wild-type
o embryos injected with translation-block-
ing morpholinos (MO) against smad5
smad5 MO () showed strongly dorsalized pheno-
+ R208H ... ' types, evident by the characteristic elon-
gated morphology at the 4-somite stage.
When coinjected with smad5 MO, mutant
ACVR1 (10 pg) does not induce ven-
tralization (G). Scale bars: 0.2 mm. (H)
Quantification of embryo injection resuits
(uninjected, n = 82; mutant ACVR1 only,
n = 289; smad5 MO only, n = 169; mutant
ACVRT plus smad5 MO, n = 202). (I) DM
inhibits mutant ACVR7—induced ventral-
ization. Wild-type embryos treated with
DM (40 uM) become severely dorsalized
(n = 54), whereas solvent alone has no
effect (n = 42). Ventralization induced by
20 pg mutant ACVRT mRNA (n =79) is
+ completely blocked by DM (n = 75).

compared with cultures infected with empty viral vector (Figure
6). This is consistent with effects of other BMP receptors, such as
BMPRI1B (41). By contrast, overexpression of the R206H ACVR1
mutant induced a steady increase in matrix accumulation and ALP
activity that were clearly visible after 1 week in culture, This effect
was milder than that caused by a previously described constitutively
active ACVR1 (caACVR1; Q207D), which was designed based on
studies using the TGF-p receptor 1 (42). The dramaric increase in
chondrogenic differentiation in response to the caACVR1 Q207D
was already visible after 2 days in culture and saruraced after
1 week in culture (Figure 6).

To determine whether the effect of R206H ACVR1 is BMP inde-
pendent, we coexpressed the receptor constructs with a construct
for the BMP antagonist Noggin that directly binds BMP ligands,
blocking the ability of BMP to bind receptors (43). Noggin had a
dominant effect on wild-type ACVR1, as shown by complete inhi-
bition of chondrogenic differentiation, while Noggin had no effect
on caACVR1 Q207D activity. However, Noggin-treated cultures
expressing mutant R206H ACVR1 had reduced chondrogenic nod-
ule formation and ALP activity (Figure 6), showing that the FOP
R206H ACVR1 mutation has a milder self-activating effect than
the Q207D variant but, like this constitutively active variant, seems
to be, at least in patt, BMP independent. Significantly, by contrast
to caACVR1 Q207D, R206H ACVR1 is BMP responsive. These data
support the hypothesis that while the FOP ACVR1 mutation is an
activating mutation that promotes BMP-independent chondrogen-
esis, this activity may be additionally responsive to BMP ligands.

To investigate chondrogenic differentiation on a molecular level,
we analyzed the relative expression levels of marker genes that are
characteristic for distinct stages of chondrogenesis (Figure 6E).
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Mutant R206H ACVR1 induces ventralization in a BMP7 and BMP2b
ligand-independent manner. (A) Embryos from crosses of bmp7
heterozygous adults (bmp7/+ x bmp7/+) or bmp2b heterozygous
adults (bmp2b/+ x bmp2b/+) were injected with 10 pg mutant ACVR7
mRNA (indicated as R206H +), examined for extent of ventralization,
then identified by genotyping (bmp7/bmp7, homozygous null for bmp?7,
bmp7/+, heterozygous; +/+, wild-type). Genotyping showed that bmp7
homozygotes (n = 32) and bmp2b homozygotes (n = 44) are ventral-
ized by mutant ACVR7, as are wild-type and heterozygous siblings
(bmp7/+ crosses, n = 94; bmp2b/+ crosses, n = 144). Of the unin-
jected (indicated as R206H —) control embryos examined (for bmp7/+
x bmp7/+ crosses, n = 146; for bmp2b/+ x bmp2b/+ crosses, n = 29),
approximately one-quarter displayed a strongly dorsalized C5 phe-
notype. (B) To examine whether mutant ACVRT could activate BMP
signaling in embryos lacking both Bmp7 and Bmp2b, embryos from
crosses of bmp7 homozygous adults were injected with 10 pg mutant
ACVR71 mRNA with or without injection of a translation-blocking MO
targeting bmp2b. Embryos exhibited a strongly dorsalized C5 pheno-
type in the absence of BMP ligands (uninjected, n = 34; bmp2b MO,
n = 34), whereas mutant ACVRT caused ventralization of embryos
deficient in bmp7 (n = 126) or both bmp7 and bmp2b (n = 103).

The condensation phase of mesenchymal prechondrogenic cells is
the first event in chondrogenesis, characterized by the expression
of collagen type II (44). Aggrecan is a major component of cartilage
matrix (45, 46) and is expressed in chondrocytes that are not termi-
nally maturated (47). Within the condensation, increasing expres-
sion of Indian hedgehog (Ihh) and collagen type X occurs as chon-
drocytes differentiated into prehypertrophic and hypertrophic
chondrocytes, respectively. Overexpression of wild-type ACVR1 in
chick micromass cultures resulted in expression levels of marker
genes that are comparable to those of the empty viral vector, while
cells overexpressing R206H ACVR1 showed upregulation of col-
lagen type Il and aggrecan. The later-stage differentiation markers
Ihh and collagen type X showed expression levels comparable to
those in control cultures. By contrast, overexpression of caACVR1
Q207D resulted in a dramatic increase in Ihh and collagen type X
expression. Aggrecan expression was only slightly enhanced,
whereas collagen type Il was markedly downregulated. Remark-
ably, the relative expression levels of all marker genes were only
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slightly decreased when R206H ACVR1 and Q207D caACVR1 cul-
tures were cotransfected with Noggin, whereas cells expressing the
wild-type ACVR1 or empty viral vector showed clear downregula-
tion of all analyzed marker genes for chondrogenesis. These data
support the hypothesis that while caACVR1 stimulates advanced
chondrogenic differentiation, R206H ACVR1 only mildly induces
the expression of early chondrogenesis markers.

Discussion

FOP is a severely disabling musculoskeletal disease character-
ized by extensive formaction of endochondral bone within soft
connective tissues. This heterotopic bone formation is the most
clinically relevant feature of FOP. However, malformation of
skeletal bones during embryogenesis also occurs in FOP patients
and illustrates that the underlying genetic mutation occurs in a
gene with functional importance in regulating chondro-osseous
differentiation during embryonic skeletal development as well as
in adult musculoskeletal tissues.

A series of recent investigations in FOP cells (48-50) demon-
strated alcered signal transduction through the BMP pathway,
with increased phosphorylation of the BMP-specific Smads and
increased expression of BMP transcriptional targets in the absence
of exogenous BMP ligand. Our recent discovery (6) of mutations
in the gene encoding ACVR1, a BMP type I receptor, in all exam-
ined FOP patients confirms that changes in the BMP signaling
pathway cause FOP.

In this study, we conducted functional analyses of the ACVRI
c.617G—A (R206H) mutation that is found in all FOP patients
with classic features of the disease (malformed great toes and pro-
gressive heterotopic ossification). Consistent with our studies in
FOP patient cells (48-50), in vitro and in vivo assays determined
that the R206H ACVR1 mutation is an activating mutation that
stimulates BMP signaling without requiring BMP to initiate the
signaling cascade. Our in vitro assays showed that BMP-inde-
pendent BMP signaling by R206H ACVR1 specifically activares
the Smad pathway, as was also found in recent studies using
C2C12 cells (51). We further demonstrated that Smad signaling
is required for R206H ACVR1 signaling in vivo through zebrafish
embryo assays using DM, a small molecule that inhibits BMP type I
receptor phosphorylation of BMP pathway-specific Smads (37).

The FOP ACVRI ¢.617A mutation causes an amino acid substi-
tution of histidine for arginine in codon 206 (R206H), a highly
conserved amino acid among vertebrates and among human
ACVRI family members (6). Codon 206 is within the GS activation
domain adjacent to the protein kinase domain of ACVRI. Protein
homology modeling of the ACVR1 receptor predicts that the pro-
tein conformation of the R206H ACVR1 mutant is altered and
could lead to changes in the ability of the receptor to interact with
proteins that bind the receptor GS domain (6, 52). The GS domain
of all type I TGF-B/BMP superfamily receptors is a critical site for
binding and activation of the pathway-specific Smad signaling
proteins and is a specific binding site for FKBP1A (also known as
FKBP12), a highly conserved inhibitory protein that prevents leaky
activation of type I receptors in the absence of ligand (21-23).

Our data demonstrate that the RZ206H ACVR1 protein has reduced
interaction with FKBP1A in the absence of BMP and suggest that
this impaired FKBP1A-ACVR1 interaction contributes to BMP-inde-
pendent BMP pathway signaling. Although our data cannot distin-
guish between direct and indirect FKBP1A-ACVR1 binding, the data
are consistent with the hypothesis that altered ACVR1 GS domain
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Figure 6

Mutant R206H ACVR1 enhances chondrogenesis in a BMP-independent and BMP-responsive manner. Micromass cultures were infected with
RCASBP(A) alone (control) or containing either wild-type ACVR1, a constitutively active caACVRT Q207D construct, or the R206H ACVR1
mutation either alone or together with RCASBP(B) expressing Noggin (NOG). (A) Micromass cultures were stained with Alcian blue to visual-
ize early chondrogenic differentiation by extraceliular matrix accumulation after 7 days. (B) Quantification of Alcian blue incorporation into the
extracellular matrix is shown. Significant differences: wtACVR1 vs. caACVR1***; wtACVR1+NOG vs. caACVR1+NOG***; wtACVR1 vs. R206H***;
WtACVR1+NOG vs. R206H+NOG***. {C) ALP-stained micromass cultures visualize prehypertrophic differentiation after 9 days in culture. Scale
bars in A and C: 2 mm. (D) Quantification of ALP staining by histomorphometric analysis (ALP activity quantified as pixel2 x 10,000) is shown.
Significant differences: wtACVR1 vs. caACVR1***; wtACVR1+NOG vs. caACVR1+NOG***; wtACVR1 vs. R206H (NS); wtACVR1+NOG vs.
R206H+NOG**. (E) Relative expression of marker genes for chondrogenic differentiation by qRT-PCR of cDNA from 8-day micromass cultures.
Amplification was normalized to the expression of 285 rRNA. For quantification in B and D, significant differences in comparison to witACVR1 or
wtACVR1+NOG are indicated. Graphs in B and D show mean + SEM of quadruplicate samples from 1 of 3 representative experiments. Horizontal
lines represent significant differences at *P < 0.05; **P < 0.01; ***P < 0.001. Data in E, shown as mean = SEM, are representative results from
2 independent cDNA syntheses and gRT-PCR.
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structure changes the affinity or ability of GS domain-interacting
proteins, such as FKBP1A, to properly regulate BMP pathway activ-
ity. Additionally, our data show that the R206H ACVR1 mutation
does not fully prevent FKBP1A interaction, suggesting that FKB-
P1A-mutant ACVR1 interactions are less stable and/or of shorter
duration. The mutant GS domain may interact with FKBP1Ain a
manner that allows activation of Smads and downstream signaling
in the presence of aberrant FKBP1A binding,

The BMP pathway is an important signaling pathway in many
tissues and during many stages of development. Disruption of
this pathway has severe consequences, as illustrated by knockout
mouse models (53, 54) and by overactivation or by mutation of
Alk8, the functional ACVR1 homolog in zebrafish (7, 27, 28), and
recent data demonstrated that Alk8 is required for zebrafish dor-
sal-ventral embryonic patterning (38). It was therefore surprising
that the mutation that causes FOP overactivates the BMP path-
way yet allows human embryonic development to occur relatively
unimpaired, with only mild skelecal effects. One explanation may
be that the FOP mutation is only moderately activating. By com-
paring FOP R206H ACVRI with caACVR1 Q207D in micromass
chondrogenesis assays, we found that the R206H ACVR1 recep-
tor has a milder stimulation of cell differentiation compared with
caACVR1 Q207D. The effects of the FOP ACVR1 mutant receptor
during embryonic development may therefore induce only rela-
tively minor malformations as observed in FOP skeletal formation
(1, 6). Furthermore, the data are consistent with the idea that, in
postnatal connective tissues, increased BMP signaling from the
mutant receptor may be only moderately “on” under basal in vivo
conditions, allowing for the quiescent periods that are observed in
patients between active episodes of heterotopic bone formation,
but priming the cells to respond to changes in the local tissue envi-
ronment by forming extraskeletal bone.

This possibility is supported by micromass cultures express-
ing wild-type ACVR1, caACVR1 Q207D, or R206H ACVR1 that
showed significant differences in expression of specific marker
genes for chondrogenic differentiation. While expression levels of
all marker genes remained almost unchanged in wild-type ACVR1
cultures compared with the empty viral vector, the expression pro-
file induced by caACVR1 Q207D displayed evidence of advanced
chondrogenic differentiation as shown by decreased levels of the
early differentiation stage marker collagen type If together with
enhanced expression of the later-stage markers Thh and collagen
type X. Indian hedgehog has been shown previously to be induced
by BMP signaling transmitted via the ACVR1 receptor (9). By con-
trast, the R206H ACVR1 mutant only slightly enhances the expres-
sion of initial and early chondrogenesis markers (collagen type II
and aggrecan), consistent with a milder stimulatory effect of the
FOP ACVR1 mutation on chondrocyte differentiation. Remark-
ably, the BMP antagonist Noggin resulted in dramatically reduced
expression of chondrogenic markers in wild-type ACVRI and
empty viral vector cultures, but not in those expressing caACVR1
or R206H ACVR1, suggesting that the enhanced chondrogen-
esis induced by the mutant receptors is mediated predominantly
through their BMP-independent activation.

The extraskeletal bone that develops within soft tissues in FOP
patients occurs through an endochondral ossificarion pathway,
forming ectopic cartilage that is subsequently replaced by ectopic
bone (4, 40). In vitro chondrogenesis assays demonstrated that the
R206H ACVR1 mutation can stimulate progenitor cells to differen-
tiate to cartilage in concert with the appropriate cell environment
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and differentiation factors and that this mutant receptor activates
BMP signaling constitutively without BMP stimulation. However,
chondrogenesis assays in chick micromass cultures showed that
enhanced signaling by the mutant R206H ACVR1 can be partially
inhibited by the BMP antagonist Noggin, suggesting that in addi-
tion to BMP-independent activity by the R206H ACVR1 receptor,
this mutant receptor is also responsive to BMP, consistent with
previous BMP signaling pathway studies that used cells derived
from FOP patients (48-50).

While our studies provide important insight into the molecular
pathophysiology of the mutant ACVR1 receptor on the BMP sig-
naling pathway in FOP, interpretations of these data are limited to
those allowed by the experimental systems used. Most notably, the
studies are based on transient transfection of wild-type and murant
gene constructs into cultured cells or into zebrafish embryos and
are unlikely to reproduce the specific mutant gene dose that is
present in heterozygous mutant cells in FOP patients. The balance
of expression of mutant and wild-type ACVRI protein is likely to
affect ligand binding dynamics, receptor oligomerization, internal-
ization, and/or activation of downstream signaling pathways, as
well as receptor response to environmental triggers that are clinical
features of the natural history of FOP. Further refinement of our
understanding of BMP signaling in FOP will follow with develop-
ment of an ACVRI mutant knock-in mouse that will more precisely
mimic the naturally occurring gene dose effect of the mutant
R206H ACVR1 allele. Such a model is under development.

In conclusion, we show here that the recurrent single nucleotide
missense mutation (¢.617G—A) in the gene encoding ACVR1, a
BMP type L receptor that causes FOP in all classically affected indi-
viduals, induces enhanced chondro-osseous differentiation and
can activate the BMP signaling pathway in a BMP-independent
manner. However, this mutant receptor also shows the ability to
respond to BMP to enhance receptor activity. Additionally, our
study provides mechanistic insight into the consticutive activity
of this mutant ACVRI1 receptor. These findings have practical
implications in developing model systems for testing new phar-
macologic approaches for blocking this renegade receptor. Finally,
this study provides insight into a signaling pathway that regulates
skeletal morphogenesis and also that, when dysregulated in a spe-
cific manner, orchestrates the promiscuous and ectopic chondro-
osseous differentiation of soft connective tissue into a disabling
second skeleton of heterotopic bone.

Methods
Plasmid constructs. A human ACVR1 expression vector was generated by
insertion of the hACVRI protein-coding sequence (GenBank accession
number NM_001105.4) into the pcDNA 3.1 D V5-His-TOPO vector
(Invitrogen). Nucleotide numbering reflects the ACVR1 cDNA sequence,
with +1 corresponding to the A of the ATG translation initiation codon in
the GenBank reference sequence, according to nomenclacure guidelines
(htep://www.hgvs.org/mutnomen). The protein initiation codon is num-
bered +1. The FOP mutant ACVR1 expression vector was generated by site-
directed mutagenesis of the wild-type ACVR1 sequence at cDNA position
617 (from G to A) using the GeneTailor Site-Directed Mutagenesis System
(Invitrogen). The oligonucleotides used to generate the mutant construct
were: forward §'-GTACAAAGAACAGTGGCTCaCCAGATTACACTG-3';
reverse 5'-GTGAGCCACTGTTCTTTGTACCAGAAAAGGAAG-3'. The
wild-type sequence is represented by “c.617G” and the FOP mutation by
“c.617A.” The FKBP1A/FKBP12 expression vector was from Origene. The
human IDI promoter (-985/+94) luciferase reporter construct was previ-
Volume 119 Number 11
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ously described (31). The IDI gene is a direct target of BMP signaling and
encodes a dominant-negative inhibitor of basic helix-loop-helix transcrip-
tion factors, including members of the MyoD family that are importantin
myoblast differentiation (55, 56).

Cell culture. COS-7 African green monkey kidney cells, C2C12 mouse
myoblastic cells, MC3T3-E1 human osteoblastic cells, and U-2 OS human
osteosarcoma cells were obtained from ATCC. Cells were cultured in
DMEM (COS-7 and C2C12), a-MEM (MC3T3-E1), or McCoy’s SA medi-
um (U-2 OS) plus 10% FBS (all from Invitrogen). All cells were cultured in
a humidified atmosphere of 5% CO, at 37°C.

Transfection and luciferase assay. COS-7 cells were seeded into 24-well plates
at 7 x 104 cells per well in culture medium wichout antibiotics. After 24
hours, expression vectors were transfected into the cells using FuGene 6
(Roche) according to the manufacturer’s protocol. Efficiency of transfec-
tion, as assessed by cotransfection with GFP constructs and subsequent
GFP detection, was estimated at 60%-70%. At 48 hours, cells were washed
twice with PBS and lysed in 1x passive lysis buffer (Dual-Luciferase Reporter
Assay, Promega). Luciferase activity was assayed following the recommended
protocol and normalized to pRL-TK-Renilla luciferase signals.

Immunoblot analysis. COS-7 cells, plated at 70% confluence in 100-mm tis-
sue culture dishes, were transfected with vector alone or pcDNA3-ACVR1
(c.617G) or pcDNA3-ACVR1 (c.617A). Total proteins were harvested in lysis
buffer (20 mM Tris-HCI [pH 8.0], 150 mM NaCl, phosphatase inhibitors
[Pierce], protease inhibitors [C complete protease inhibitor cockeail, Roche],
and 1% Triton X-100). For immunoblot analysis, 50 ug protein from each
total cell lysate was electrophoresed through 10% SDS-polyacrylamide gels,
then transfetred to PVDF membranes (Bio-Rad). Membranes were incu-
bated overnight at 4°C with antibodies specific for phospho-Smad1/5/8
and Smad1 (Cell Signaling Technology), V5 (Invitrogen), or f-actin (Santa
Cruz Biotechnology Inc.) in PBS containing 5% nonfat milk and 0.5% BSA.
Membranes were washed with PBS and incubated for 1 hour with the corre-
sponding secondary antibody conjugated with horseradish peroxidase. The
enhanced chemiluminescent Western blotting detection system (Pierce) was
used to detect the antigen-antibody complex. Similar protocols were used
for immunoblot analysis of cell protein extracts from MC3T3-E1 (mouse
preosteoblasts), U-2 OS (human osteosarcoma), and C2C12 (mouse myo-
blasts with osteogenic potential). Western blotting of phospho-Smad1/5/8
from zebrafish embryo extracts was previously described (35).

Immunoprecipitation. To examine the interaction between FKBP1A and
ACVRI in the absence or presence of BMPs, COS-7 cells were cotrans-
fected with normal (c.617G) or mutant (c.617A) ACVR1 expression vec-
tor and the FKBP1A expression vector. After 48 hours of transfection,
cells were starved for 2 hours in serum-free medium then treated for 1.5
hours with 150 ng/ml BMP4 or BMP7 (R&D Systems). Total proteins were
isolated, and protein concentration was detected by the Bradford assay.
Immunoprecipitation assays used 500 pug protein from each experimen-
tal sample and 2 pg FKBP1A or ACVR1 antibody (both from Santa Cruz
Biotechnology Inc.) at 4°C overnight, followed by treatment with 30 ul of
Protein A/G agarose beads (Pierce) at 4°C for 1 hour and centrifugation at
800 g for S minutes. The immunoprecipitated complex was dissociated by
12% SDS-PAGE and detected with V5 monoclonal antibody (Invitrogen) or
FKBP1A antibody (N19; Santa Cruz Biotechnology Inc.).

Micromass cultures. Viral constructs were designed and prepared for infec-
tion of chick limb bud mesenchymal stem cells in micromass culture. The
coding sequence of chicken Acvr1 was PCR amplified from chicken embryo
cDNA using the following primer pair: chAcvr1-Ncol-fwd, §'-ACCATG-
GCTCTCCCCGTGCTGCTG-3' and chAcvrl-BamHI-rev, S'-AGGATCCT-
CAACAGTCAGCCTTCAGTTT-3". The PCR product was digested with Ncol
and BamHI and subcloned into the pSLAX-13 shuttle vector. This construct
was used to introduce the corresponding human FOP mutation R206H

N

and the constitutive active variant of the receptor Q207D by Site-Directed
Mutagenesis (QuikChange, Stratagene) using the following primer pairs
(with lower-case letters indicating the nucleotides changed relative to wild-
type Acvrl sequence): R206H-chAcvrl-fivd, 5'-GCAAAGAACAGTGGCT-
CaCCAGATCACGCTTGTGG-3' and R206H-chAcvrl-rev, S'-CCACAAGC-
GTGATCTGGtGAGCCACTGTTCTTTGC-3"; chAcvrl-ca-Q207D-fwd,
5'-GCAAAGAACAGTGGCTCGCgAcATCACGCTTGTGGAGTG-3' and
chAcvri-ca-Q207D-rev, §'-CACTCCACAAGCGTGATgTcGCGAGCCACT-
GTTCTTTGC-3'). Inserts were subcloned by Clal into the avian-specific viral
vector RCASBP(A). chNog in RCASBP(B) was a gift from A. Vortkamp (Uni-
versitit Duisburg-Essen, Duisburg, Germany). To produce the virus, RCASBP
plasmids were transfected into DF1 cells, culture medium was harvested, and
viral particles were concentrated by ultracentrifugation as described previously
(57). Titers of all receptor-expressing RCASBP(A) viruses were determined,
and concentrations of greater than 1 x 10® were used throughout the experi-
ments. The titer of Nog-expressing RCASBP(B) was 1 x 107.

Micromass cultures were prepared from dissected limb buds from chicken
embryos at Hamburger-Hamilton stage HH24 as described previously
(58). Cells (2 x 10%) were plated in a drop containing 10 ul growth medium
(DMEM:F12, 10% FCS, 0.2% chicken serum, 2 mM 1-Gln, penicillin/strep-
tomycin), and 1 ul of each indicated viral concentrate was applied in a
24-well plate. Growth media were replaced 3 times a week. Alcian blue
staining was performed after fixation of the cells in Kahle’s fixative (28.9%
[v/v] EtOH; 0.37% formaldehyde; 3.9% [v/v] acetic acid) with 1% Alcian blue
in 0.1N HCl overnight. Excess dye was removed by washing with water, and
cultures were dried before photographs were taken. For quantification of
incorporated Alcian blue into the proteoglycan-rich extracellular matrix,
cultures were incubated with 6 M guanidine hydrochloride overnight, fol-
lowed by photometric measurement at ODggs. ALP staining was performed
after fixation of the cells with 4% PFA and followed by incubation with
NBT/BCIP. The reacrion was stopped with TE buffer, and photographs
were taken. For quantification, histomorphometric analyses were per-
formed using Autmess AxioVision 4.6 software (Zeiss).

RNA isolation and relative quantitative RT-PCR. RNA was extracted from
chicken micromass cultures at day 8 using peqGold Trifast (peqLab Bio-
technologie GmbH) following the manufacturer’s instructions, then was
digested with DNase (RNase-Free DNase kit, QIAGEN). cDNA synthesis
was performed using the TagMan Reverse Transcription Kit (Applied
Biosystems). Quantitative RT-PCR (qQRT-PCR) (ABIPrism 7900HT cycler,
Applied Biosystems) was performed by using Power SYBR Green PCR
Master Mix (Applied Biosystems) and the following primer pairs: ch-col-
lagen type II-fwd, 5'-GAGGGCAACAGCAGGTTCAC-3' and ch-collagen
type II-rev, 5" TGCCCCATTTGCCAGTGT-3'; ch-collagen type X-fwd,
5'-CACTCTACTGCCTTGCATTGGA-3' and ch-collagen type X-rev, 5'-
AACAGCAGCAGTAACGATATTTGTAAA-3'; ch-lhh-fwd, 5'-GGCTTT-
GACTGGGTCTACTACGA-3' and ch-lhh-rev, 5'-CAGCCGAGTGCTCT-
GACTTG-3'; ch-aggrecan-fwd, 5" TGTTTGTGTGTTTGCAAGCCA-3'
and ch-aggrecan-rev, 5'-AGGCCATCGCTACTGTCTGAG-3'. To normalize
gene expression, we used ch-285 rRNA-fivd, 5'-GGTATGGGCCCGACGCT-
3"and ch-28S rRNA-rev, 5'-CCGATGCCGACGCTCAT-3' (59) as a house-
keeping gene. Relative expression levels normalized to 285 rRNA expres-
sion were calculated using gBase software (60).

Zebrafish embryo injection, plasmids, strains, and genotyping. PCR-amplified
¢DNA encoding control (¢.617G) or mutant (¢.617A) hACVRI was inserted
into a derivative of pCS2+ vector (61) containing an in-frame C-terminal
FLAG epitope (provided by M. Deardorff and P. Klein, University of Penn-
sylvania). mRNA was in vitro transcribed using the SP6 mMessage mMa-
chine kit (Ambion) from plasmids linearized with Notl. Bmp7 and Bmp2b
(ortholog of BMP2) are the BMPs that pattern the embryonic dorsal-ventral
axis in zebrafish (14). A previously described morpholino against bmp2b (62)

3470 The Journal of Clinical Investigation  hetp://www.jciorg  Volume 119 Number1i  November 2009

— 101 —



was injected at 1 ng per embryo. A morpholino mixture of 2 ng smadSMO1
(5'-ATGGAGGTCATAGTGCTGGGCTGC-3') and 2.5 ng smadSMO3 (5'-
GCAGTGTGCCAGGAAGATGATTATG-3') per embryo was used to knock
down smad$ translation. All injections were performed at the 1-cell stage
as described previously (63). Genotyping of the lost-a-fin'™11% allele was
petformed as described (28). Homozygous null bmp7 or bmp2b mutant
embryos were obtained from crosses between bmp7 or bmp2b heterozygous
zebrafish. PCR genotyping for swirl4?! (bmp2b) (64) used primers DC245P
(5'-CGCTTGCTCAATATGTTCGGATTGAAT-3') and DC243P (5'-CGT-
GATGAAAACTTCGTATCGTGTTTG-3'), which create a recognition site
for the restriction enzyme Tagql only when amplifying the wild-type allele.
Homozygous snbb!4 embryos (bmp7) (39) were identified by failure to
PCR-amplify a closely linked simple sequence-length polymorphism (SSLP)
using primets BMP7s42F (5'-CTCAGACACATAAGCCTAAGTGC-3') and
BMP7s42R (5'-TCTATCCCAACTCAAATGCACCAG-3'). For treatment
with DM, a BMP signaling inhibitor that dorsalizes zebrafish embryos (37),
embryos were placed in E3 embryo medjum containing DMSO either alone
ot with 40 uM DM prior to first cleavage. All images of embryos were from
an MZ12.5 stereomicroscope (Leica) with a ColorSNAP-cf digital camera
(Photometrics) and processed using Adobe Photoshop. In situ hybridiza-
tion and subsequent imaging were carried out as described previously (65)
with probes against evel (66), gata2 (67), and foxb1.2 (68).

Statistics. Results are expressed as mean + SEM. A 2-tailed Student’s ¢ test
was used for statistical comparison of 2 groups. P values of less than 0.05
were considered significant.
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Abstract . Bone morphogenetic proteins (BMPs) were originally identified via their unique activity in de-
mineralized bone matrix—they induce heterotopic bone formation in skeletal muscle. BMP activity is trans-
duced by two types of BMP-specific transmembrane serine/threonine kinase receptors and downstream
transcription factors, known as Smads. Fibrodysplasia ossificans progressiva {FOP) is a rare autosomal domi-
nant disorder characterized by progressive heterotopic bone formation in skeletal muscle tissue. In patients
with FOPB, heterozygous mutations involving single amino-acid substitutions have been identified in the
BMP type I receptor, ALK2. These mutations in ALK2 are scattered in an intracellular domain containing
the kinase and GS domains. The mutant receptors constitutively activate downstream intracellular signal-
ing, even in the absence of BMPs. In FOP, muscle injury induces acute heterotopic bone formation. Smadl
and Smad5 are up-regulated during muscle regeneration and induce osteoblastic differentiation of myoblasts
in cooperation with mutant ALK2. Some types of BMP receptor inhibitors block the signal transduction
induced by mutant ALK2 receptors i vitro and in vivo. Taken together, this work demonstrates that BMP
signaling induces heterotopic bone formation in skeletal muscle. Inhibitors of BMP receptors may aid in the

establishment of novel treatments to prevent heterotopic bone formation in FOP.

Introduction

Skeletal tissues are formed vig two related but dis-
tinct processes during development in vertebrates .
endochondral ossification and intramembranous
ossification?. In endochondral ossification, undiffer-
entiated mesenchymal cells condensed in skeletal
muscle tissue are first committed to differentiate into
chondrocytes. They form a cartilaginous model of
bone tissue and gradually differentiate into proliferat-

¥ Corresponding author
E-mail © katagiri@saitama-med.ac.jp

ing and hypertrophic chondrocytes. The calcified carti-
lage formed by terminally differentiated hypertrophic
chondrocytes is destroyed by chondroclasts, which
derive from macrophages invading blood vessels, and
is replaced by bone matrix secreted from osteoblasts.
In contrast, cells undergoing mesenchymal condensa-
tion differentiate into osteoblasts and directly form
bone tissue during intramembranous ossification.
These developmental processes are orchestrated by
various regulators, such as systemic hormones and
local cytokines.

Bone morphogenetic proteins (BMPs) play critical
roles in skeletal development by regulating the prolif-
eration, differentiation, and apoptosis of chondrocytes,
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osteoblasts, and osteoclasts®®. Although BMPs are
multifunctional factors in vertebrates and inverte-
brates, they were originally discovered due to their
bone-inducing activity in bone matrix in 1965. Urist®”
first prepared demineralized bone by treating bone
matrix with hydrochloric acid and then implanted it in
skeletal muscular tissues to induce re-calcification of
the matrix. A few weeks after transplantation, new
cartilage and bone tissues with bone marrow, rather
than simple re-calcification, were ectopically formed
in the demineralized bone matrix (Fig. 1). These find-
ings suggested that the demineralized bone matrix
contained unknown bioactive molecule(s) capable of
inducing the differentiation of chondrocytes and osteo-
blasts from mesenchymal cells in muscular tissues.
This ectopic bone-inducing activity was subsequently
named “bone morphogenetic protein” because it was
sensitive to trypsin digestion®.

Fibrodysplasia ossificans progressiva (FOP) is a
rare autosomal dominant disorder characterized by
congenital malformation of the big toes and progres-
sive heterotopic bone formation in skeletal muscle
tissue™. The frequency of FOP is estimated at one
per 2 million, regardless of race, sex, and area of the
world®. Genes encoding BMP signaling molecules
have been suggested as possible candidates responsi-
ble for FOP because the process of heterotopic bone
formation in FOP is similar to that induced by BMP
implantation in muscle tissue”. In 2006, a concurrent
heterozygous mutation in the ACVRI gene was identi-
fied from both familial and sporadic FOP patients®.
Their ACVRI genes had a substitution mutation of
guanine to adenine in position 617 ; this changes histi-
dine to arginine in position 206 of the type I BMP
receptor ALK2”. The mutant receptor, ALK2
(R206H), activates intracellular signaling specific to
BMPs, even in the absence of ligands'?; therefore, it
is considered a constitutively active BMP receptor.
Moreover, the process of muscle regeneration seems
to enhance BMP signaling by increasing downstream
transcription factors'®. Taken together, these findings
shed light on the molecular mechanisms underlying
pathological bone formation in skeletal muscle tissue
by BMP signaling and the development of new treat-
ments for FOP.

==y (Ca, P

New bone formation

Fig. 1 Ectopic bone formation induced by
BMPs

BMPs are stored in bone matrix and retained

after demineralization by HCI. Implantation of

the demineralized bone matrix containing

BMPs into skeletal muscle induces hetero-

topic bone formation after 1-—2 weeks.

Signal Transduction of BMPs

BMPs, except BMP-1, are members of the trans-
forming growth factor-f (TGF-p) family®. Hetero-
topic bone-inducing activity in skeletal muscle is con-
served between several BMP family members, includ-
ing BMP-2, BMP-4, BMP-5, BMP-6, BMP-7,
BMP-9, and GDF-5 but not BMP-3, TGF-8, or
activin'V, The difference in bone-inducing activity in
vivo can be reproduced in C2C12 myoblast cultures
in vitro  BMPs inhibit myogenesis and induce osteo-
blastic differentiation, but TGF-f1 fails to induce
osteoblastic differentiation even though it inhibits
12 C2C12 myoblasts are widely used
today for studying the molecular mechanisms of het-

myogenesis

erotopic bone formation by BMP signaling i1 vitro.
Similar to other members of the TGF-§ family, the
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Fig. 2 Signal transduction of BMPs
BMPs bind to type I and type I receptors, which are transmembrane serine/threonine

kinases expressed on the cell membrane. The type II receptor phosphorylates the type I
receptor at a “GS domain”, then the activated type I receptor phosphorylates Smadl/5/8
in the cytoplasm. Phospho-Smad1/5/8 form complexes with Smad4, move into the nucle-

us, and regulate gene expression.

intracellular signal transduction of BMPs is activated
by two types of transmembrane serine/threonine kinase
receptors © type I and type Il receptors (Fig. 2)*¥. Com-
binations among three types of type Il (BMPR- II, ActR-
1, and ActR-1IB) and four types of type I (ALKI,
ALK2, BMPR-IA/ALK3, and BMPR-IB/ALKS6)
receptors bind to BMPs and activate BMP -specific
biological activities*™®. In contrast to TGF-p/activin
receptors, BMP type I receptors do not seem to
require type Il receptors for ligand binding. In the ter-
nary complex containing the BMP-type Il receptor
and type I receptor, the typell receptor phosphory-
lates the type I receptor at the “GS domain”, which
consists of a glycine and serine residue-rich domain
located intracellularly between the transmembrane
and kinase domains of type I receptors. The phospho-
rylated type I receptor at the GS domain activates
downstream signaling pathways, including Smads, p38
MAP kinase, and PI3 kinase, via phosphorylation.

The GS domain of the type I receptor serves as a
“molecular switch” for kinase activity. Substitution of
a conserved asparagine residue in the GS domain of
the type I receptors (which is present not only among
BMP receptors but also TGF-g and activin receptors)

activates kinase activity without stimulation by
ligands or type Il receptors'. A kinase domain-trun-
cated type I receptor, which still retains a ligand bind-
ing domain, blocks the biological activities of BMPs
as a dominant negative receptor'®®. These findings
suggest that type I receptors play a central role in
the signal transduction of BMPs due to phosphoryla-
tion-dependent regulation at the GS domain.

Among the intracellular signaling pathways acti-
vated by BMP type I receptors, the Smad-dependent
pathway seems to be critical for bone formation
induced by BMPs'. Smads are the mammalian coun-
terparts of Sma and Mad in C. elegans and Drosophila,
respectively, that transduce intracellular signaling of
the TGF-B family of ligands. Smads are divided into
three subgroups based on their structures and func-
tions : receptor-regulated Smads (R-Smads), com-
mon Smads (Co-Smads), and inhibitory Smads (I-
Smads)*". R-Smads are phosphorylated at the car-
boxyl termini by type I receptors, form ternary com-
plexes with Co-Smad and Smad4, and move into
nuclei to regulate the transcription of the target genes
(Fig. 2). Specificity of ligand activity depends at least
in part on receptor-activated Smads ; BMP receptors
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mainly phosphorylate Smadl, Smad5 and Smad8, but
TGF-f/activin receptors phosphorylate Smad2 and
Smad3.

When activated by BMP type I receptors, Smadl is
introduced negative charges at both the Ser463 and
Serd65 positions vig phosphorylation. Substitution of
these serine residues by aspartic acid, which is an
acidic amino acid with an additional negative charge,
seems to reproduce a state similar to phos-
phorylation'”. This mutant Smadl, called Smadl (2
SD) or Smadl(DVD), is a constitutively activated
Smadl because it activates target gene expression
(such as that of Id1) and induces osteoblastic differen-
tiation of C2C12 myoblasts in cooperation with
Smad4 in the absence of ligands or type Il or type I
receptors'” (unpublished observation). A specific
chemical inhibitor of BMP-Smad phosphorylation, but
not MAP kinase inhibitors, inhibits the osteoblastic
differentiation of C2C12 cells induced by BMPs.
Taken together, these findings suggest that the BMP
receptor-Smad axis plays an important role in hetero-
topic bone formation induced by BMPs.

Clinical Features of FOP

FOP is an autosomal dominant disorder character-
ized by congenital malformation of the big toes and
progressive heterotopic bone formation in skeletal
muscle tissues that causes joint fusion with resultant
permanent immobility®. The diaphragm, tongue,
extra-ocular muscles, cardiac muscle and smooth
muscles are not involved in the bone formation in
FOP®. Almost all patients with FOP have malforma-
tion of the big toes at birth, suggesting that a protein
encoded by the gene responsible for FOP regulates
the patterning of the big toes during development™®.
A conductive hearing impairment is commonly
observed in patients with FOP.

Prior to heterotopic bone formation in skeletal mus-
cle, FOP patients develop painful flare-ups composed
of inflammatory soft tissue swellings that contain a
large number of mast cells®. The heterotopic bones
are usually formed at flare-up sites vig the process of
endochondral bone formation. Minor trauma, such as
intramuscular immunizations, mandibular blocks for

dental work, overstretching of the jaw, muscle
fatigue, blunt muscle trauma from bumps, bruises,
falls, or influenza-like illnesses, is known to trigger
new flare-ups of FOP and lead to heterotopic bone
formation. Surgical operation and biopsy are prohib-
ited in FOP because they also lead to new flare-ups
and heterotopic bone formation. Thus, the heterotopic
bone formation in FOP is an event inducible by mus-
cle injury and muscle regeneration.

In addition to typical FOP features, some additional
and/or different clinical features have been identified
in atypical FOP'®, These include severe but variable
reduction deficits of the digits, absent finger/toenails
of digits with severe reduction deficits, sparse and/or
thin scalp hair, minimal change to the big toe, and
slow progression of heterotopic bone formation in
muscle. Recently, it has been reported that these dif-
ferences are caused by different mutations in the
ACVRI gene (see below).

Mutations in ALK2 Identified from FOP Patients

Several proteins and genes related to BMP signal-
ing have been suggested to be responsible for FOP.
The overexpression of BMP-4 was observed in lym-
phocytes prepared from FOP patients. Deletion of
NOGGIN at 17¢q21-22, which encodes a BMP antago-
nist, was identified in a FOP patient ; however, this
mutation was not detected by others and was
excluded by linkage analysis'®. Additional point muta-
tions in the NOGGIN gene have been reported in
FOP patients®”. Genome - wide linkage analysis identi-
fied the 4q27-31 region as responsible for FOPB, and
this region contains SMADI?V.

In 2006, the FOP mutation was mapped to chromo-
some 2q23-24, which contains the ACVRI gene
encoding the BMP type I receptor ALK2%. A recur-
rent mutation (617G >A) was identified in the ACVRI
gene in all examined individuals with FOP, including 5
familial and 32 sporadic cases (Fig. 3). This mutation
was also confirmed in a patient who has been
reported to carry a NOGGIN mutation®. In addition,
this mutation was also identified in at least 22 Japa-
nese FOP patients'®??,

This ACVRI 617G>A mutation causes an amino
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Fig. 3 R206H mutation in ALK2 identified
in patients with FOP

The ACVRI gene encodes the BMP typel
receptor ALK2. The control ACVRI gene has
a “G” at position 617, but alleles from patients
with FOP show heterozygosity for “G” and
“A” | this results in a change of arginine to
histidine residue at position 206 in the ALK2
protein. Arg206 is localized in the GS domain,
which is a “molecular switch” for the serine/
threonine kinase activity of ALK2.

acid change from arginine to histidine residues in
codon 206 (Fig.3)?. Arg206 is highly conserved
among vertebrates and a proximal amino acid of
GIn207 ; a substitution mutation in GIn207 to gluta-
mic acid has been reported to activate constitutive
kinase activity'”, Indeed, overexpression of ALK2
(R206H) in C2C12 myoblasts inhibits myogenesis and
induces the nuclear accumulation of phospho-Smadl/
5/8, Idl promoter/enhancer activity, and alkaline
phosphatase activity'® . Up-regulation of endogenous
ID1 expression and activation of p38 MAP kinase are
also observed in lymphocytes immortalized from
patients with FOP?, These findings clearly indicate
that ALK2(R206H) is a genetically activated BMP
type I receptor. This is the first case of a gain-of-
function mutation among BMP type I receptors.

In addition to ALK2(R206H), several mutations in
the same ACVRI gene at different positions have
been identified in patients with atypical FOP. These
novel mutations are scattered between the GS
domain and kinase domain, and include delP197-F198

37

insL, R2021, Q207E, R258S, G328E, G328R, G328W,
G356D, and R375P*®%*29 The structural changes of
mutant ALK2 (including R206H) have been analyzed
in silico, and this analysis suggests that they exhibit
reduced ability to bind to FKBP12 (a binding
repressor of the BMP/TGF-8 type I receptors)?”. It
has also been suggested that a substitution of Arg206
to histidine creates a pH-sensitive switch in the GS

domain that leads to ligand-independent activation of
ALK2%".

Muscle Regeneration and Ectopic
Bone Formation

In FOP patients, muscle injury induces acute het-
erotopic bone formation, suggesting that the process
of muscle regeneration may stimulate BMP signaling.
A snake venom injection into skeletal muscle tissue
in mice induces the whole process of muscle regen-
eration within a couple of weeks. In this model,
expression of Smadl and Smad5, but not Smad8, is
up-regulated within 3 days of injection'”. Smadl and
Smadb are expressed in mononuclear cells appearing
in the regenerating muscle. Although both Smad1 and
Smad5 are not phosphorylated in wild-type mice in
vivo, they become phosphorylated and activated for
osteoblastic differentiation after co-transfection with
ALK2(R206H) in C2C12 myoblasts'®. Thus, coopera-
tion of genetically activated mutant ALK2 and
increased Smadl and Smad5 may induce downstream
signaling to induce heterotopic bone formation in
skeletal muscle in FOP (Fig. 4). Injection of snake
venom into skeletal muscle also stimulates hetero-
topic bone formation in BMP-4-expressing trans-
genic mice.

Clinical features of FOP suggest that myogenic
cells are potential progenitors of the chondrocytes
and osteoblasts forming heterotopic skeletal tissue in
patients with FOP, In addition, the activity of ALK2
(R206H) in C2C12 cells further confirms this
hypothesis'®. These cells are believed to be derived
from satellite cells, which are immature progenitor
cells of myoblasts in skeletal muscle tissue. Recently,
Tie2-expressing cells were identified as progenitor
cells that contribute heterotopic cartilage and bone
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Fig. 4 A schematic model of signal transduction in FOP
Under normal conditions, ALK2 induces bone formation vig Smadl/ 5/8 only after bind-
ing to BMP ligands. In contrast, in FOP, mutant ALK2 phosphorylates Smadl/5/8 and
induces signal transduction without binding to BMPs. Moreover, levels of expression of
Smadl and Smad5 increase during muscle regeneration and mediate the mutant ALK2-
stimulated bone formation. Inhibitors of ALK2, such as Dorsomorphin and LDN-193189,
may aid in the establishment of novel treatments for FOP.

formation induced by BMP-2 using a Cre/LoxP trac-
ing system in 0iv0?® ; however, MyoD -expressing
cells did not differentiate into either chondrocytes or
osteoblasts in this model. These findings suggest that
endothelial progenitors, but not myoblasts, contribute
to heterotopic bone formation in FOP.

Establishment of New Treatments for FOP

Today, there is no effective treatment for prevent-
ing heterotopic bone formation in FOP ; however, the
establishment of new treatments for FOP has begun
based on the recent findings regarding ALK2. Since
the genetic activation of ALK2 activity seems to play
a central role in heterotopic bone formation in FOF,
specific inhibitors of the BMP receptors have been
developed to block intracellular signaling from mutant
ALK2. Dorsomorphin is a specific small chemical
inhibitor of BMP type I receptors, such as ALK2,
BMPR-IA and BMPR-IB?. Interestingly, Dorsomor-
phin inhibits the phosphorylation of Smads, but not
p38, induced by BMPs?®. Treatment of C2C12 cells
expressing ALK2 (R206H) or ALK2(G356D) with Dor-

somorphin blocks the induction of osteoblastic differ-
entiation i vitro'®. In addition, overexpression of
Smad?7 also blocks the ALK2 (R206H) -induced osteo-
blastic differentiation of C2C12 cells. Smad6 shows
only minimal activity in this model.

LDN-193189 is a potent derivative of Dorsomor-
phin and inhibits the BMP-4-induced phosphoryla-
tion of Smadl/5/8 at an approximately 80-fold lower
concentration than Dorsomorphin in vitro®®. Yu et
al. 3 established a new in vivo model system of heter-
otopic bone formation in skeletal muscle using mice
carrying a floxed ALK2(Q207D) mutation ; however,
it should be noted that this mutation has not been
found in patients with FOP An injection of Cre-
expressing adenovirus into skeletal muscle of floxed
ALK2(Q207D) mice induces local heterotopic bone
formation, joint fusion and functional impairment simi-
lar to that in FOP. Treatment of these mice with
LDN-19318 reduces heterotopic bone formation and
functional impairment, suggesting that this type of
inhibitor may be useful for curing FOP (Fig. 4)*”.

In the early stages of FOP research, it was sug-
gested that bone marrow transplantation would be
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effective in preventing heterotopic bone formation in
FOP since increased BMP-4 expression in lympho-
cytes seemed to be responsible for this disorder®. In
2007, a report described a FOP patient with the ALK2
(R206H) mutation who had received bone marrow
transplantation at age 10 and thereby avoided hetero-
topic bone formation for 14 years while undergoing
immunosuppressive treatments®®. However, the
patient experienced heterotopic bone formation after
cessation of the immunosuppressive treatments, sug-
gesting that the immune system may also contribute
to heterotopic bone formation in FOP*?,

Conclusion

BMP signaling is a potent inducer of heterotopic
bone formation in skeletal muscle tissue. Activation
of the type I receptor-Smad axis plays a central role
in the bone formation induced by BMPs. Patients
with FOP have mutations in ALK2 that exist as con-
stitutively activated forms of the BMP typel
receptor. Muscle regeneration in FOP may coopera-
tively stimulate heterotopic bone formation by
increasing Smadl/5 expression. Development of spe-
cific inhibitors for ALK2 would be useful to prevent
heterotopic bone formation in FOP,
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