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A recurrent mutation in the
BMP type I receptor ACVRI
causes inherited and
sporadic fibrodysplasia
ossificans progressiva

Fileen M Shore!=3, Meiqi Xu?, George ] Feldman'?,
David A Fenstermacher®®, The FOP International Research
Consortium, Matthew A Brown’ & Frederick S Kaplanl’z’s,

Fibrodysplasia ossificans progressiva (FOP) is a rare autosomal
dominant disorder of skeletal malformations and progressive
extraskeletal ossification. We mapped FOP to chromosome
2q23-24 by linkage analysis and identified an identical
heterozygous mutation (617G — A; R206H) in the
glycine-serine (GS) activation domain of ACVR1, a BMP

type | receptor, in all affected individuals examined. Protein
modeling predicts destabilization of the GS domain, consistent
with constitutive activation of ACVR1 as the underlying cause
of the ectopic chondrogenesis, osteogenesis and joint fusions
seen in FOP.

The formation of bone where it is neither needed nor wanted can lead
to devastating consequences. FOP (OMIM 135100) is the most severe
and disabling disorder of extraskeletal (heterotopic) ossification in
humans!. Heterotopic ossification in FOP begins in childhood and
can be induced by trauma or may occur without warning. Bone
formation is episodic and progressive, leading to extra-articular
ankylosis of all major joints of the axial and appendicular skeleton,
rendering movement impossible (Fig. la and Supplementary
Note online).

The severe disability of FOP results in low reproductive fitness, and
few examples of inheritance are known. When observed, genetic
transmission is autosomal dominant and can be inherited from either
mothers or fathers?. In an initial genome-wide linkage analysis®, FOP
was linked to a 36-cM region at chromosome 4q27-31; however,
subsequent DNA sequence analysis of candidate genes in this region
did not identify any mutations. With the discovery of additional
pedigrees, we conducted a more conservative genome-wide linkage
analysis using a subset of five families with the most stringent and
unambiguous features of FOP (congenital malformation of the great
toes and progressive heterotopic ossification in characteristic anatomic

patterns; Fig. 1a,b) in all affected family members (Supplementary
Note and Supplementary Methods online). This approach excluded
the 4q27-31 region and identified linkage of FOP to 2q23-24 in the
region flanked by markers D2S1399 and D2S1238 (Fig. 1c). Using
SNP genotyping, we fine-mapped the linkage region between
rs1020088 (150,654,341 bp) and D2S1238 (174,505,230 bp). The
multipoint lod score was 2.3 at 6 = 0 (Supplementary Fig. 1 online).
No other genomic region showed consistent linkage in all five families.
This genetic interval (Fig. 2a and Supplementary Note online)
includes the activin A type I receptor gene (ACVRI; OMIM 102576;
also known as Alk2 or ActRIA), a receptor for bone morphogenetic
protein (BMP)% ACVRI1 is expressed in many tissues including
skeletal muscle and chondrocytes™®. Constitutive activation of
ACVRI induces alkaline phosphatase activity in C2C12 cells, upregu-
lates BMP4, downregulates BMP antagonists, expands cartilage
elements, induces ectopic chondrogenesis and stimulates joint
fusions™. ACVRI is therefore a strong candidate gene for FOP,
which is associated with similar clinical findings and dysregulation
of the BMP signaling pathway’~1°,

DNA sequence analysis of all ACVRI protein-coding exons and
splice junctions (Supplementary Note and Supplementary Table 1
online) demonstrated the presence of an identical heterozygous single-
nucleotide change at cDNA position 617 (617G—A) in all examined
familial and sporadic individuals with FOP (Fig. 2b). We found this
mutation in all affected members of seven families, including all five
families used for linkage analysis (Fig. 1c). Investigation of sporadic
cases of FOP with unambiguous clinical features showed the presence
of the identical de novo mutation in 32 of 32 cases. The examined
individuals with an ACVRI 617G— A mutation included an indivi-
dual with a previously reported, but unverifiable, mutation in the gene
encoding Noggin! 12, In addition to direct DNA sequence analysis, we
verified the G— A nucleotide change by differential restriction endo-
nuclease digestion (Fig. 2c¢).

The 617G— A nucleotide mutation was not found in any of
159 unaffected individuals (112 unrelated controls and 47 clinically
unaffected family members). Included among the unaffected
family members that we examined were the parents of six individuals
with sporadic FOP. Absence of the mutation in these parents as
well as in unaffected members of the linkage pedigrees (Fig. 1c)
support that this mutation is fully penetrant. The ACVRI 617G—A
nucleotide variant is not reported in SNP databases (http://
www.ncbi.nlm.nih.gov/SNP; http://www.ensembl.org/Homo_sapiens/
genesnpview).

Sporadic cases of FOP have been reported in diverse geographic
and ethnic groups, and we found de novo ACVRI 617G — A mutations
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Figure 1 Characteristic clinical features of FOP and linkage mapping in five pedigrees. (a) Extensive heterotopic bone formation typical of FOP is seen by
three-dimensional reconstructed computed tomography (CT) scan of the back of a 12-year-old child. (b) Anteroposterior radiograph of the feet of a 3-year-old
child shows symmetrical great toe malformations. (c) Marker haplotypes on chromosome 2923-24 that are linked to FOP are indicated by black bars. Marker
positions were obtained from the University of California Santa Cruz Genome Browser. Microsatellite markers and SNPs are listed at left from centromere to
telomere (top to bottom). Haplotypes were interpreted by minimizing recombinants. In each haplotype pair, paternal haplotypes are to the left and maternal

to the right (see also Supplementary Methods online).

in all the populations we analyzed. The pedigrees we examined
by linkage were of diverse ancestral origins (African-American,
European American, European (UK), Korean and Native
Brazilian), and haplotype analysis of markers in the linked region
(Fig. 1c) did not demonstrate any evidence of a founder effect for
the mutation.

Analysis of ACVRI mRNA expression by RT-PCR and sequencing
showed that both mutant and normal mRNAs were expressed in FOP
cells, suggesting that the mutation effects are not due to haploinsuffi-
ciency but are more likely due to altered protein function. Constitutive
ACVR1 expression in embryonic chick limbs induces expansion of
chondrogenic anlage, suggesting that ACVRI signaling alters cell fate
and induces undifferentiated mesenchyme to form cartilage®.
Enhanced ACVR1 activation in FOP is supported by our recent data
showing increased expression of BMP transcriptional targets in
FOP cells®°,

The ACVRI 617G — A mutation causes an amino acid change in
codon 206 (R206H; CGC— CAC). Comparison of ACVR1 protein
sequences shows that amino acid 206 is highly conserved among
vertebrates (Fig. 2d) and is also highly conserved among human
ACVRI family members (Supplementary Fig. 2 online). Codon 206 is
at the end of the highly conserved glycine-serine (GS) activation
domain at the junction of the protein kinase domain (Fig. 2a).
Activation of a BMP/TGFp type I receptor serine-threonine kinase,
and consequent signaling, requires phosphorylation at the GS domain
by a BMP type II receptor.

To investigate the possible consequences of the R206H mutation, we
used protein homology modeling to examine putative structural
changes caused by this mutation. PredictProtein and CPHmodels
(Supplementary Methods online) both predict a partial destabiliza-
tion of the o-helix formed by ACVR1 amino acids 198-206 (Fig. 2e).
The R206H mutation forms a shorter side chain that alters the
electrostatic potential compared with wild-type ACVRI, possibly

disrupting intramolecular interactions that stabilize ACVR1 and/or
altering interactions between the GS domain and other signaling
pathway molecules (Supplementary Note online).

The GS domain is a critical site for binding and activation of
R-Smad signaling proteins and is a binding site of FKBP12, an
inhibitory protein that prevents leaky activation of the type I receptor
in the absence of ligand!®. One possibility is that FKBP12 interactions
with the GS domain may be altered, leading to promiscuous ACVR1
activity'%, How R206H mutations in ACVRI1 specifically perturb BMP
signaling in FOP is unknown but could involve dysregulation of BMP
receptor oligomerization, internalization and/or activation of down-
stream signaling™!%1°,

We identified the identical DNA sequence change in ACVRI in
every individual with FOP we examined, with the exception of one
multigenerational family with highly ambiguous disease features
(Supplementary Note online). The FOP R206H ACVR1 mutation is
thus one of the most specific codons in the human genome to be
associated with a disease phenotype.

The ACVR1 R206H mutation is among a growing list of human
disease-causing mutations in BMP receptor genes including BMPRIA
(juvenile polyposis syndrome; OMIM 174900), BMPRIB (brachydac-
tyly type A2; OMIM 112600) and BMPR2 (primary pulmonary
hypertension; OMIM 178600), and it establishes a specific link
between a catastrophic disorder of dysregulated osteogenesis and a
highly conserved signaling pathway. Although ACVRI has previously
been recognized as a BMP receptor, investigations of its functions in
embryonic development and in regulating cell differentiation have
been limited. Identification of a specific disease-causing mutation in
ACVRI has critical diagnostic and therapeutic implications for FOP
and identifies a new investigative focus for skeletal biology and
regenerative medicine.

Note: Supplementary information is available on the Nature Genetics website.
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Figure 2 R206H mutations in ACVRI cause FOP. (a) The chromosome 2q FOP critical genomic region spans ~23.9 Mb between rs1020088 and D2S1238
and contains ACVR1. An arrow indicates the position of the R206H mutation in the glycine-serine (GS)-rich domain. (b) Direct DNA sequence analysis

of ACVRI demonstrated the same heterozygous mutation (R206H; 617G —A) in all individuals with FOP we examined. Chromatograms are from a
representative affected individual (top; FOP) and unaffected control (bottom). In the FOP sample, R = adenine or guanine; R/H = arginine or histidine.

(c) The G— A mutation forms a new Hphl site and eliminates a Cac8l site. The PCR product (350 bp) from the G allele (control; Ctrl) is digested by Cac8I
to three bands (139, 114, and 97 bp), whereas the A allele produces two bands (253 and 97 bp). Samples from individuals with FOP are heterozygous for
the two alleles. The PCR product not digested with Hphl corresponds to the G allele (control); digested products (228 and 122 bp) correspond to the A
allele (in FOP). (d) ACVR1 codon 206 is highly conserved among species. ClustalW was used for multiple protein sequence alignment. (e) Homology model
of wild-type ACVR1 (left) predicts that the Arg206 side chain interacts with the a-helix backbone to stabilize the protein (dashed line). Homology model of
the R206H mutant (right) predicts that the His206 side chain does not interact with the a-helix backbone (see also Supplementary Methods online).
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