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Fibrodysplasia ossificans progressiva (FOP) is a rare autoso-
mal dominant congenital disease characterized by progres-
sive heterotopic endochondral osteogenesis with great-toe
malformations. A 617G > A (R206H) mutation of the activin
A type 1 receptor gene (ACVRI) has been found in all
previously reported patients with FOP. Thus, this is one of
the most specific of all disease-associated mutations. We
report here on a 62-year-old man with slowly progressive
FOP and a novel mutation in ACVR1. He developed difficulty
in moving his shoulder since age 10 years due to contraction
of the shoulder joint. The symptoms progressed slowly, and
he could not walk at age 36 years and was bedridden at
55 years. He also showed rigid spine, baldness, sensorineural
hearing loss, and hypodactyly accompanied by abnormal

ectopic ossification. Analysis of ACVRT and its c¢DNA
revealed that the patient is heterozygous for a mutation,
1067G > A (G356D). Typing of SNPs located in the ~0.5-Mb
region spanning ACVK] and its neighbor genes suggested
that 1067G > A is a de novo mutation. These results give a
clue to better understanding of FOP as well as of the mild
clinical symptoms in the patient. © 2008 Wiley-Liss, Inc.

Key words: fibrodysplasia ossificans progressiva (FOP);
rare mutation; activin A type I receptor gene (ACVR1); bone
morphogenetic protein (BMP); bone morphogenetic protein
receptor (BMPR); single-nucleotide polymorphism (SNP)
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INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP, OMIM
#135100) is a rare autosomal dominant disorder,
characterized by malformed toes and extra-skeletal
(heterotopic) ossification that begins in childhood
[Connor, 1996; Kaplan et al., 2006; Timmerman,
20006]. Ectopic bone formation may occur after a
local minor trauma but more often spontaneously.
The average age at the onset of ossification is 5 years,
and 95% of cases are sporadic [Cohen et al., 1993;
Connor, 1996]. Recently, Shore et al. [2006] reported a
mutation, 617G > A (R206H), in the activin A type |
receptor gene (ACVRI), of all affected members from
seven unrelated families and of all 32 sporadic cases
in various ethnic groups [Lin et al., 2000; Shore et al.,
2006; Nakajima et al., 2007). It is of great interest that

both the reported sporadic and familial cases shared
the same mutation, R206H, because the findings
suggest a certain genetic pressure to prevent the
occurrence of another mutation, and the mutation is
one of the most specific of all disease-associated
mutations in the human genome [Lin et al., 2006;
Shore et al., 2006; Nakajima et al., 2007].

We present a case of FOP with slowly progressive
respiratory dysfunction and a novel mutation in
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ACVR1. Significance of the mutation in FOP patho-
genesis will be discussed.

MATERIALS AND METHODS

Clinical Findings

The patient (II-2, Fig. 1A) is a 62-year-old Japanese
man with a history of normal birth and childhood
development. Both his parents had died at advanced
ages without any symptoms reminiscent of FOP,
and two his siblings (II-1 and 1I-3, Fig. 1A) are also
healthy. The patient noticed difficulty in moving his
shoulder at age 10 years due to contractures of both
shoulder joints. The joint contractures progressed
slowly in his extremities, and he was unable to walk
at age 36 years and bedridden at 55 years with rigid
spine, baldness, sensory hearing-loss, accompanied
by abnormal ossification but without respiratory
failure. He also showed severe hypodactyly with
short thumbs in both hands and a severe defect of
both great toes. Neurological examination revealed
no abnormality except for the joint contractures and
abnormal ossification. Serum biochemical examina-
tion showed normal levels of CK, phosphorus,
calcium, and parathormone. Extensive heterotopic
bone formation, rigid spine, very short first meta-
carpal bones, toe malformations, and defect of ossa
digitorum in both great toes were seen by roentgen-
ography (Fig. 2) and three-dimensional recon-
structed computed tomography. His respiratory
function was preserved and blood gas analysis was
normal. He was thus diagnosed to have FOP by his

A 1 2
et

1 2
I Cb65 )y.

62

)
59

B II-1 -2 I1-3

ACVRT gene

position 1,067

Ml

agGCC agGCC agGCC
A

Fic. 1. Pedigree of the present family (A) and a heterozygous ACVRI
mutation (1067G > A) in the patient (B). Arrow indicates the patient. Age of
each family member is presented on the right (A).

Fia. 2. Abnormal ossification of the forearm (A, arrow), short thumb and first
metacarpal bone (B. arrow), and malformations and hypodactyly in the to0e
(C, arrow) of the patient.

clinical course and heterotopic ossification [Cohen
etal., 1993].

Genetic Analysis

Genomic DNA and total RNA were obtained from
peripheral blood lymphocytes of the patient and two
his siblings. DNA samples were also collected from
150 normal Japanese after obtaining informed
consent. All these protocols were approved by IRB.
The patient's complete ACVRI cDNA sequence,
which was subdivided into three partially over-
lapped fragments (Fig. 3B), was analyzed by direct
sequencing after RT-PCR, and the sequences
obtained were compared with normal sequences
from the human genome database (BC036748,
GenBank, http://www.ncbi.nlm.nih.gov/entrez/viewer.
fcgi. In addition, nine exons of ACVR1 were directly
sequenced after PCR using reported primer sets
(Shore et al., 20006).

Single-nucleotide polymorphism (SNP) analysis
was performed by direct sequencing. Tag SNPs
of ACVRI1, its intergenic regions, and $' and 3’
neighboring genes, UPP2 and ACVRIC, were
selected from the HapMap database (http://www.
hapmap.org/). All primers used for SNP analysis
were designed by the Primer3 program (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi)
and the allele frequencies were referred from the
SNP data base (http://www.ncbi.nlm.nih.gov/snp/;
Table I, Fig. 3E).

RESULTS

PCR products and subsequent electrophoresis for
the three overlapping segments of ACVRI cDNA of
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Fic. 3. Structures of the ACVRT gene (A), its cDNA (B), ACVR1 protein (C) and amplified regions after RT-PCR of ACVRT ¢DNA (left) and direct sequence of mutated
region (right: D), localization of known SNPs (E), and comparison of ACVR1 protein sequences among species (F), ACVRT encodes 509 amino acid protein that
contains a ligand binding region (Ligand), a transmembrane domain (TM), a glycine-serine rich domain (GS). and 4 protein kinase domain (C). The genomic
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novel mutation (G356D) in the present patient (B.C), and toned arrowhead the location of the SNPs with their ID numbers (E). ACVRI codon 356 is conserved among
species, and the neighborhood of the G356D mutation site is highly conserved between vertebrates (F).

the patient showed bands with expected size without
any extra-bands due to abnormal or alternative
splicing (Fig. 3D). Sequencing of the segments
revealed a nucleotide substitution, 1097G > A, in
exon 7, leading to a missense mutation (G356D;
Figs. 1B and 3D). This mutation was not observed in
two his siblings or in 150 normal controls (Fig. 1B).
Quantitative real-time PCR using total cDNA reveal-

ed no significant difference in the level of the ACVR1
gene expression among the patient, his siblings and
normal control (data not shown).

Genotyping of SNPs located in an about 0.5-Mb
region spanning ACVRI, UPP2, and ACVRIC
(Fig. 3E, Table D) in this family revealed four
haplotypes, and the patient are his clder sister are
both homozygotes for one of the haplotypes
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TABLE 1. SNPs in the ACVRI Gene and the Neighboring Region, and Genotypes in the Family Members

Family member

Allele frequency

Reference SNP 1D 11-1 11-2 11-3 Alleles Caucasians® Japanese*

rs4664240 c/C c/C C/G C/G 0.307/0.693 0.767/0.233
54664919 A/A A/A A/A /C 0.567/0.433 0.478/0.522
rs6750852 T/T T/T T/T A/T 0.408/0.592 0.398/0.602
rs16842290 T/T T/T T/T A/T 0.000/1.000 0.189/0.811
rs6437119 A/A A/A A/A A/G 0.983/0.017 0.670/0.330
510933443 T/T a T/T C/T 0.271/0.729 0.556/0.444
154233672 G/G G/G G/G A/G 0.183/0.817 0.250/0.750
rs10497192 T/T T/T T/T (ay 0.275/0.725 0.556/0.444
156756964 A/A A/A A/G A/G 1.000/0.000 0.830/0.170
1510933441 c/C C/C Cc/T C/T 0.924/0.076 0.716/0.284
rs3768794 A/A A/A A/A A/G 0.817/0.183 0.852/0.148
rs1146035 G/G G/G G/G G/T 0.809/0.191 0.833/0.167
157595478 c/C c/C Cc/C C/T 0.742/0.258 0.784/0.216
rs12997 T/T T/T /T C/T 0.283/0.717 0.261/0.739
rs1220110 A/A A/A A/A A/T 0.258/0.742 0.250/0.750
rs10195521 T/C T/C T C/T 0.758/0.242 0.689/0.311
rs10933439 C/T C/T c/C C/T 0.202/0.798 0.144/0.856
rs2444769 A/A A/A A/A A/C 0.775/0.225 0.886/0.114
r$13019116 A/A /A C/C A/C 0.417/0.583 0.182/0.818
rs11679482 A/G A/G G'G A/G 0.492/0.508 0.167/0.833

“Cited from the database of lapMap-CEU and IlapMap-JPT, respectively. Underlined are different genotypes between

family members.

(Table 1). Although the finding may have indicated
that they would share both mutated alleles, as the
sister has no mutation in either allele, the G356D
observed in the patient is probably a de novo
mutation. Codon 356 is located at the center of the
protein kinase domain of ACVR1 protein (Fig. 3C).
The amino acid encoded by codon 356 is conserved
among various species of vertebrates (Fig. 3F).

DISCUSSION

We reporton a patient with FOP with a slow clinical
course associated with a mutation, G356D, of
ACVRI1. FOP is one of the most unusual disorders,
because only one missense mutation (R206H) of
ACVRI1 has been observed among various ethnic
groups [Lin et al., 2006; Shore et al., 2006; Nakajima
etal., 2007]. As the G356D observed in our patient is
the first mutation other than R206H, it merits com-
ments. Since his parents remained healthy even at
their advanced ages, his brother and sister do not
have this mutation, and the patient and his sister
share the same SNP haplotype in the homozygous
state, it is most likely that G356D is a de novo
mutation and responsible for FOP in the patient.
Clinical pictures of the patient are unique: his
respiratory problem was slowly progressive, but
anomalies in the great toe and thumb are unusually
severe. His survival to this age is unusual for FOP.
These unique manifestations as well as the rarity of
the mutation may be related to its occurrence in the
non-CpG region in ACVRI, that is, in the protein
kinase domain of ACVR1. Usually, the common
mutation, 617G > A (R206H), is located in the
functionally important glycine-serine rich domain

(GS), a CpG mutation hot-spot, leading to early onset
respiratory dysfunction {Shore et al., 2006; Nakajima
et al., 2007].

Ortholog comparison revealed that seven species
of vertebrates and two insects showed the same
codon (glycine), which is substituted by aspartic acid
in our patient (Fig. 3F). The glycine residue at the
relevant position is conserved in all organisms,
and this region, which is located in the N-terminal
of the protein kinase domain, is also conserved in
all vertebrates. These findings may support that
the G356D mutation observed in the patient is
pathogenic.

Bone morphogenetic proteins (BMPs) act as potent
osteogenic morphogens capable of inducing ectopic
bone formation in animal models and interact with
specific BMP receptors (BMPRs). BMPRs mediate the
BMP signaling pathway, the G3356D mutation may
alter the expression levels of BMP, as does the R206H
{Connor, 1996; Kan et al., 2004; Fiori et al., 2000;
Kaplan et al., 2006}

In conclusion, we have reported on a novel ACVR1
mutation (G356D) that may be responsible for extra-
skeletal ossification and typical but severe malfor-
mation of the toe with delayed respiratory dysfunc-
tion. This is the first mutation of ACVR? in FOP other
than the common mutation, R206H.
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