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Abstract

Severe variants of fibrodysplasia ossificans progressiva (FOP) affect <2% of all FOP patients
worldwide but provide an unprecedented opportunity to probe the phenotype-genotype
relationships that propel the pathology of this disabling disease. We evaluated two unrelated
children who had severe reduction deficits of the hands and feet with absence of nails, progressive
heterotopic ossification, hypoplasia of the brain stem, motor and cognitive developmental delays,
facial dysmorphology, small malformed teeth, and abnormal hair development. One child had
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sensorineural hearing loss, microcytic anemia and a tethered spinal cord and the other had a patent
ductus arteriosus and gonadal dysgenesis with sex reversal (karyotype 46, XY female). Both
children had an identical mutation in ACVRL ¢.772A>G; p.Arg258Gly (R258G), not previously
described in FOP. Although many, if not most, FOP mutations directly perturb the structure of the
GS regulatory subdomain and presumably the adjacent aC helix, substitution with glycine at R258
may directly alter the position of the helix in the kinase domain, eliminating a key aspect of the
autoinhibitory mechanism intrinsic to the wild type ACVR1 kinase. The high fidelity phenotype-
genotype relationship in these unrelated children with the most severe FOP phenotype reported to
date suggests that the shared features are due to the dysregulated activity of the mutant kinase
during development and postnatally, and provides vital insight into the structural biology and
function of ACVR1 as well as the design of small molecule inhibitors.
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INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP; OMIM135100) is a severely disabling
autosomal dominant disease that causes endochondral bone formation at extraskeletal
(heterotopic) sites. Heterotopic ossification begins in childhood and is induced by trauma or
can occur spontaneously. Bone formation is episodic and progressive, and forms in well-
defined spatial and temporal patterns that cause ankylosis of the joints, immobilizing the
patient in a “second skeleton” of heterotopic bone. In addition to postnatal heterotopic bone
formation, embryonic malformations occur in the normotopic skeleton. Characteristic
malformations of the great toes are present in 100% of classically affected individuals
[Shore and Kaplan, 2010; Pignolo et al., 2011; Pignolo et al., 2013].

FOP is an ultra-rare disorder, affecting approximately one in every two million individuals
worldwide. Presently, there are approximately eight hundred known patients with FOP.
Most cases arise as spontaneous new autosomal dominant mutations. There are a few
affected multigenerational families. Reproductive fitness is low. There is no ethnic, racial,
gender, or geographic predilection. The diagnosis of FOP is made on the basis of clinical
findings; mutational analysis is confirmatory. Ninety-seven percent of patients worldwide
have classic FOP defined by the presence of two classic clinical features: 1) characteristic
malformations of the great toes, and 2) onset of episodic soft tissue flare-ups leading to
progressive heterotopic ossification in characteristic anatomic patterns. [Shore & Kaplan,
2010; Pignolo et al., 2011; Pignolo et al., 2013].

DNA sequence analysis of ACVR1/ALK2, a bone morphogenetic protein type | receptor, in
FOP patients who have classic disease features revealed that the same recurrent single
nucleotide change in ACVRL occurs in nearly every FOP patient [Shore et al., 2006; Kaplan
et al., 2009]. The ¢.617G>A mutation results in the substitution of arginine by histidine at
codon 206 (p.R206H) within the GS domain of the receptor [Shore et al., 2006]. Protein
structural homology modeling correctly predicted that this amino acid substitution results in
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a conformational change of the receptor that alters its sensitivity and activity leading to loss
of autoinhibition with mild constitutive activity as well as ligand-dependent hyperactivity of
downstream bone morphogenetic protein (BMP) signaling [Shore et al., 2006; Shen et al.,
2009; Kaplan et al., 2009a; Groppe et al., 2011; Chaikuad et al., 2012].

Among patients with FOP-like heterotopic ossification, occasional cases have also been
identified that are associated with clinical features unusual for FOP. These atypical FOP
patients have been clinically categorized into two groups. Patients classified as “FOP-plus”
have one or more features that are uncommon in FOP patients, along with the classic
defining FOP features. Patients classified as “FOP variants” present with significant
deviation from the standard clinical presentation of one or both of the two classic defining
features of FOP [Kaplan et al., 2009b]. Individuals classified as FOP variants are broadly
distributed into two groups: 1) those who have minimal or no obvious malformations of the
great toes and/or adult-onset progressive heterotopic ossification (<2% of all FOP patients),
and 2) those who have severe malformations of the great toes and/or wide-spread reduction
deficits of the digits of the feet and hands (<2%) [Kaplan et al., 2009b]. All individuals
classified as FOP variants have germline heterozygous activating mutations of ACVRY/
ALK2 that cluster in either GS domain or the downstream kinase domain of the receptor
[Kaplan et al., 2009b; Chaikuad et al., 2012; Huning and Gillessen-Kaesbach, 2014].

Recently, we evaluated two unrelated children who had severe reduction deficits of the
hands and feet with absence of nails, progressive heterotopic ossification, hypoplasia of the
brain stem, motor and cognitive developmental delays, facial dysmorphology, small
malformed teeth, and abnormal hair development. One child had hydrocephalus,
sensorineural hearing loss, microcytic anemia and a tethered spinal cord and the other had a
patent ductus arteriosis and gonadal dysgenesis with sex reversal (karyotype 46, XY
female). Both children had the identical ACVR1 mutation at c.772A>G; p.Arg258Gly
(R258G), not previously described in FOP.

Although many, if not most, FOP mutations directly perturb the structure of the helix-loop-
helix (GS) regulatory subdomain and presumably the adjacent a.C helix, substitution with
glycine at R258 may directly alter the position of the helix in the kinase domain, eliminating
a key aspect of the autoinhibitory mechanism intrinsic to the wild type ACVR1 kinase. The
high fidelity phenotype-genotype relationship in these most severely affected and unrelated
children suggests that the shared phenotypes are due to the dysregulated activity of the
mutant kinase during development and postnatally, and provides vital insight into the
structural biology and function of ACVR1 as well as aiding the design of small molecule
inhibitors.

CLNICAL REPORTS

Patient-1

A 16-month-old girl with macrocephaly and shunted hydrocephalus, hypoplasia of the
brainstem, tethered spinal cord, dysmorphic facial features, microretrognathia, low-set
dysmorphic ears, depressed nasal bridge, sparse hair, small malformed teeth, sensorineural
hearing loss, dysconjugate gaze, gross developmental motor delay, four-limb digit reduction
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anomalies with no nails, decreased range of motion of the shoulders, elbows and hips, and
multiple, evanescent soft tissue masses on the neck, back and buttocks was seen for genetic
evaluation. A soft tissue mass on the back had been biopsied and exhibited features of an
inflammatory fibroproliferative neoplasm. A chromosomal analysis revealed a normal
female karyotype 46, XX. Whole exome sequencing identified a de novo heterozygous
mutation in the ACVRU/ALK2 gene (¢c.772A>G; R258G). A variant of fibrodysplasia
ossificans progressiva (FOP) was suspected. Further examination revealed a fixed-rigid neck
with chin-on-chest deformity, functionally ankylosed shoulders, limited flexion of the
elbows, hips and knees, multiple firm soft tissue masses in the neck and back, bilateral
proximal medial tibial osteochondromas, and severe reduction deficits of the digits of the
hands and feet with absence of nails. Radiographs confirmed orthotopic fusions of the lower
cervical vertebra, short broad femoral necks with bilateral dysplasia of the hips, proximal
medial tibial osteochondromas, severe reduction deficits of the hands and feet, and
widespread areas of heterotopic ossification throughout the neck, back and shoulders (Fig

1). An MRI of the brain showed hypoplasia of the brainstem. The child was the product of in
vitro fertilization from parental ovum and sperm and was born at 34 weeks of gestation with
noted macrocephaly, dysmorphic facial features and four limb reduction anomalies with no
nails. Parents and older siblings were in good health without any family history of
congenital anomalies or heterotopic ossification.

An 11-month-old girl with trigonocepahly, scaphocephaly, frontal suture fusion, dysmorphic
facial features, microretrognathia, low-set dysmorphic ears, hypertelorism, patent ductus
arteriosus (repaired surgically at 15 days of age), left renal duplication, four-limb digit
reduction anomalies with no nails and absence of middle and distal phalanges of hands and
feet, evanescent soft tissue masses on the neck and parietal region which appeared at 25
days of age, and gross motor delay was seen for genetic evaluation. The child had female
genitalia with asymmetric labia and hypoplasia of the clitoris. A high resolution karyotype
was 46, XY. Ultrasound confirmed the presence of undescended testes in the inguinal canal.
The child was diagnosed with gonadal dysgenesis. At 11 months of age, heterotopic
ossification was noted on a radiograph of the chest in the area of the previous heart surgery
and in the soft tissues of the back where a previous biopsy exhibited features of skeletal
muscle atrophy with signs of low-grade fibroblastic proliferation. Plain radiographs of the
cervical and thoracic spine revealed malformations of the cervical vertebra and ribs. Further
examination revealed a fixed-rigid neck with decreased mobility of the shoulders, elbows,
hips and knees, multiple, firm soft tissue masses in the neck and back, bilateral proximal
medial tibial osteochondromas, and severe reduction deficits of the digits of the hands and
feet with absence of nails. Radiographs confirmed orthotopic fusions of the lower cervical
vertebra, malformations of the ribs, short broad femoral necks with bilateral dysplasia of the
hips, proximal medial tibial osteochondromas, severe reduction deficits of the hands and
feet, and widespread areas of heterotopic ossification throughout the neck, back and
shoulders (Fig 2). An MRI of the brain showed agenesis of the corpus callosum. A variant of
fibrodysplasia ossificans progressiva (FOP) was suspected. ACVRI/ALK2 gene sequencing
showed a de novo heterozygous mutation ¢.772A>G (R258G). The child was the product of
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natural fertilization and was born by caesarian at 38 weeks of gestation. Parents were in
good health without any family history of congenital anomalies or heterotopic ossification.

DISCUSSION

Ultra rare FOP variants harbor a stunning opportunity to probe phenotype-genotype
relationships that have revelational implications for deciphering the role of the BMP
pathway in normal physiology and for understanding how single amino acid substitutions
alter the function of a highly conserved protein kinase receptor. Studies on FOP variants
have shown that seemingly small variations in genotype can give rise to large variations in
phenotype that provide important insight into the molecular mechanisms of FOP and BMP
signaling [Kaplan et al., 2009b]. Additionally, understanding the specific effect of a
missense mutation on ACVR1 function could help guide the design of pharmacologic agents
that will modify or prevent the post-natal consequences of the disease [Kaplan et al., 2013].

We report here on two unrelated children with the most severe FOP variants ever noted.
These two children share the common features of severe reduction deficits of the hands and
feet with absence of nails, progressive heterotopic ossification, hypoplasia of the brain stem,
motor and cognitive developmental delay, facial dysmorphology, small malformed teeth,
and abnormal hair development. All of the affected tissues derive from mesodermal or
ectodermal origin, including some from cranial neural crest, and all have been implicated in
BMP pathway dysregulation [Kaplan et al., 2009b].

In addition, one child had hydrocephalus, sensorineural hearing loss, microcytic anemia and
a tethered spinal cord and the other had a patent ductus arteriosis and gonadal dysgenesis
with sex reversal (karyotype 46,XY female). Gonadal dysgenesis has not yet been described
in any patient with FOP. However, it is plausible that the ACVR1 (R258G) mutation may be
related to the abnormal sexual development observed in Patient 2. In humans, genetic
variation within the ACVR1 gene has been associated with anti-Millerian hormone levels,
the testicular glycoprotein involved in regression of the Mdllerian ducts in males, and
presumed to play a pivotal role in gonadal sex differentiation [Kevenaar et al., 2009]. This
finding is consistent with the non-redundant role of ACVRL1 in mediating signaling by the
Muillerian inhibiting substance (MIS) ligand in complex with the MIS-specific type 11
receptor and intriguingly suggests that the MIS-Activin pathway and ligands may play a
pathophysiologic role in FOP in the context of the mutant receptor [Clarke et al., 2001;
Renlund et al., 2007]. Importantly, during embryogenesis, the BMP signaling pathway
mediates development in many organ systems, but their roles in sex determination and
gonadal differentiation remain largely unknown. Dynamic changes of gonadal BMP7
expression in chick embryos suggest a role in sex-dependent differentiation in avian
gonadogenesis [Hoshino et al., 2005]. In mouse embryos, a model has been suggested in
which FOXL2 and BMP2 cooperate to ensure correct expression of Follistatin, a secreted
glycoprotein required for female sex determination and early ovarian development in the
developing ovary [Kashimada et al., 2011]. Whether the R258G mutation affects the
development of sexual characteristics is unknown but is plausible. If the loss of auto-
inhibition of ACVRL1 affects feminization in a female embryo, there would not necessarily be
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any phenotypic consequences, thus possibly explaining the lack of involvement in one of the
children.

At the present time we cannot exclude the possibility of a second mutation in our two
patients that may be responsible for their atypical and complex phenotypes beyond their
FOP features. Future genome-wide analyses will be conducted to address this question.
Importantly, less than 1% of known cases of FOP are the product of in vitro fertilization as
in our Patient 1. Although this technology has been associated with an increased risk of birth
defects, the mechanism is not understood. The pattern of unshared clinical features in Patient
1 are not typical of those reported associated with in vitro fertilization [Kelley-Quon et al.,
2013]. These findings are not likely related but the possibility of an association is not
excluded.

All of the mutations in ACVRL1 associated with classic and variant forms of FOP reside in or
adjacent to the GS regulatory region or active site of the kinase [Kaplan et al., 2009b;
Hining and Gillessen-Kaesbach, 2014]. All of the reported mutations in FOP and its
variants are predicted by protein structure homology modeling to activate the ACVR1
protein and enhance receptor signaling [Kaplan et al., 2013]. Importantly, both children
described here had an identical mutation in ACVRL ¢.772A>G; p.R258G, not previously
described in germline mutations causative of FOP. However, a different amino acid
substitution has been reported at the same codon position in six unrelated individuals
[ACVR1,; c.774G>T or G>C; Arg258Ser (R258S)] and leads to a very different phenotype
characterized by no or very mild hypoplasia of the great toes and a milder clinical
progression than the classic course of the disease [Bocciardi et al., 2009; Morales-Piga et al.,
2012; Yazicioglu et al., 2013; Zhang et al., 2013; Hiining and Gillessen-Kaesbach, 2014].

Relative to other variants, especially R258G, substitution with serine (R258S) produced a
milder FOP phenotype in all six patients [Huning and Gillessen-Kaesbach, 2014]. Based on
a crystal structure of the ALK2 receptor kinase, R258 has been hypothesized to restrict the
GS loop to a conformation that contributes to autoinhibition of the enzyme via multiple
hydrogen bonds formed by the terminal guanidino group of the long aliphatic arm of the
sidechain [Chaikuad et al., 2012]. The sidechain of serine, shorter by two methylene carbons
and with a single hydroxyl rather than a multivalent guanidino group, would not be able to
serve in such a capacity. Hence the sidechain of residue 258 may play a role in regulation of
kinase activity, consistent with the milder phenotypes, or alternatively, mediate effects by
different means. Because substitution with glycine, like serine, would also be unable to form
stabilizing hydrogen bonds, yet produces severe rather than milder phenotypes, the complete
lack of a sidechain and/or conformational freedom peculiar to glycine most likely underlies
the catastrophically severe phenotype in the two children with the R258G mutation.

In contrast to R206H and many if not most variant FOP mutations which directly perturb the
structure of the GS regulatory subdomain (and purportedly the adjacent aC helix, another
key element of regulation), substitution with glycine may have direct effects on the position
of the helix, which lies just proximal, linked by a three-residue loop segment (Fig. 3). Thus
the principle role of the arginine sidechain may be to anchor the polypeptide backbone and
confine the N-terminus of the aC helix to an autoinhibitory position, rather than exert
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indirect effects by stabilizing the GS subdomain. Note that in addition to glycine and sering,
single base mutations of codon 258 could result in substitution with four other amino acid
residues: tryptophan (772T), lysine (773A), threonine (773C) and methionine (773T). Two
mutations would be silent (772C, 774A). Because only serine and glycine mutations have
been observed, with serine producing relatively mild effects, perhaps larger and longer
sidechains fulfill most of the functional requirements. Substitution with alanine, the only
sidechain smaller and shorter than serine, would require two base changes in the codon, but
would be predicted to lead to an intermediate phenotype, possibly closer to that of serine
than glycine. These structural insights at the molecular level provide important targeting
information for the future design of small molecule inhibitors of ACVRL.

Mutations at codon 258 are not the only ones that provide parallax on phenotype-genotype
features in FOP. Severe FOP variants have been described with codon 328 mutations that
are distinct from the less severe mutations that occur at the same codon [Kaplan et al.,
2009b; Hiining and Gillessen-Kaesbhach, 2014]. ACVR1, therefore, appears to be
particularly sensitive to codon 328 and 258 mutations, suggesting importance in regulating
receptor function and BMP signaling during embryonic development in many tissues
including the central nervous system, specifically the brainstem [Kan et al., 2012; Taylor et
al., 2014]. Although both R258S and R258G germline mutations are causative of FOP, only
the latter, associated with the more severe phenotype, has been identified as a somatic
mutation at residue 258 in diffuse intrinsic pontine gliomas (DIPGs), a rare childhood
brainstem tumor [Taylor et al., 2014]. Somatic activating mutations in ACVRL presumably
function as oncogenes in DIPG, consistent with different outcomes of BMP signaling during
brain development [Jones & Baker, 2014]. This finding is suggestive of a higher gain-of-
function threshold for DIPG, which also requires a second site mutation in a histone gene
contributing epigenetic effects [Jones and Baker, 2014; Taylor et al., 2014]. Indeed, the
subset of mutations in ACVRL1 causative of more severe FOP phenotypes has also been
linked to DIPGs, whereas the subset with milder effects has not [Kaplan et al., 2009b;
Hining and Gillessen-Kaesbach, 2014; Taylor et al., 2014]. Hence a mutation in ACVR1 at
codon 328 that remains peculiar to DIPGs, G328V, would be expected to impart a more
pronounced dysregulating effect than G328R (which appears FOP-specific) and perhaps
even G328E and G328W (which are common to both FOP and DIPG).

Our data and those of others support that all of the identified ACVR1 germline missense
mutations influence the promiscuous postnatal induction of cartilage and bone cell
differentiation [Shore et al., 2006; Kaplan et al., 2009b; Shen et al., 2009; van Dinther et al.,
2010; Chaikuad et al., 2012; Culbert et al., 2014]. Progressive postnatal heterotopic
ossification is the common feature shared by all patients with FOP. Although the rate of
progression and the severity of heterotopic ossification vary among individuals with classic
FOP, there appears to be a correlation between the severity of heterotopic ossification and
specific mutations among the ACVR1 mutations identified in FOP variant patients [Kaplan
et al., 2009b; Huning and Gillessen-Kaesbach, 2014].

Enhanced expression of BMP transcriptional targets is observed in FOP cells [Shen et al.,
2009; Chaikuad et al., 2012]. Overactive BMP signaling in FOP cells may lead
paradoxically to orthotopic ankylosis of the joints and early degenerative joint disease as
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seen in FOP patients and in animal models of promiscuous BMP signaling [Kaplan et al.,
2012]. Aberrant ACVR1 signaling may also be relevant to the pathogenesis of degenerative
joint disease, as seen in early orthotopic degenerative changes of the great toe, thumb,
cervical spine, and in the costovertebral joints before the appearance of FOP flare-ups and
subsequent heterotopic ossification [Kaplan et al., 2009b]. All of the classic and common
variable features of FOP as well as many, if not all, of the atypical features evaluated in our
study could plausibly be ascribed to dysregulation of the BMP signaling pathway [Kaplan et
al., 2009a]. Further studies of BMP signaling in animal models of classic and variant FOP
will be critical to address these questions. Mouse models containing the Acvrl R206H
mutation successfully mimic the classic FOP phenotype [Chakkalakal et al., 2012] and a
knock-in mouse containing the Acvrl R258G mutation is expected to provide additional
insight into the consequences of this mutation; such a model is under development.
Identification of disease-causing mutations in ACVRL1 has important diagnostic and
therapeutic implications. Presently, there is no definitive treatment for patients with FOP or
its variants and the identification of heterozygous missense mutations in ACVRL1 reveals
pharmaceutical targets for the development of signal transduction inhibitors (STIs) as well
as other therapeutic strategies [Kaplan et al., 2013].

However, in addition to treating FOP, postnatal inhibition of ACVR1 could have a
significant role in treating common acquired disorders of orthotopic and heterotopic
ossification and, conversely, the mutation(s) of FOP and its variants could be harnessed for
tissue engineering to form new bone for therapeutic applications. Genotype-phenotype
correlations of the FOP ACVR1 mutations will help elucidate ACVRL signaling mechanisms
and in vivo functions to further these goals.
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Figure 1.
Clinical and radiographic findings in Patient 1 at 30 months of age (A-F; H-K) and at 42

months of age (G). A. An asymmetric external helix of the left ear, a hypoplastic mandible
and generalized alopecia are noted. B. Hypoplasia of the brain stem (including the pons and
cerebellum) as well as a ventriculo-peritoneal shunt (for treatment of congenital
hydrocephalus) are noted. C. Malformed peg-like teeth are seen. D. Photograph of the back
shows multiple FOP flare-ups at various stages of maturation E. Lateral radiograph of the
spine shows multiple areas of heterotopic ossification (arrowheads). F. Anteroposterior
radiograph of the pelvis reveals short broad femoral necks, bilateral dysplasia of the hips and
extensive bridging heterotopic ossification of the right hip (arrows). Also note ventriculo-
peritoneal shunt. G. Photograph of child showing severe fixed flexion contracture of right
hip. H. Photograph of hands shows severe reduction deficits of all digits and lack of nails. I.
Anteroposterior radiographs of hands reveals severe reduction deficits of all digits with
multiple malformations. Also note osteochondroma of left distal radius. J. Photograph of
feet showing malformed great toes and severe reduction deficits of all digits and lack of
nails. K. Radiograph of feet showing malformed great toes, malformed first metatarsals and
reduction deficits of all digits.
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Figure 2.
Clinical and radiographic findings in Patient 2. A. Photograph of the neck and upper back at

30 months of age shows multiple FOP flare-ups as well as sparse scalp hair and severe upper
limb malformations. B. Lateral radiograph of cervical spine at 13 months of age reveals
orthotopic ankylosis of the posterior elements of C4-C5, C5-C6 and C6-C7 (arrows). C.
Lateral radiograph of the thoracic spine at 22 months of age shows multiple areas of
heterotopic ossification (arrows). D. Anteroposterior radiograph of the chest at 22 months of
age shows severe right rib malformations (black arrowheads), severe restrictive heterotopic
ossification of the right chest and shoulder girdle (white arrows) and osteochondromas of the
left chest wall (white circle). E. Anteroposterior radiograph of the pelvis at 26 months of age
shows short broad femoral necks (arrowheads) and heterotopic ossification adjacent to the
left acetabulum (arrow). F. Photograph of hands shows severe malformations of all digits,
reduction deficits and lack of nails. G. Photograph of feet shows severe malformations of all
digits, reduction deficits and lack of nails. H. Anteroposterior radiographs of the feet at 13
months of age reveal bilateral malformations of the great toes with fusion and malformation
of the first metatarso-phalangeal joint (arrowheads), evidence of symmetrical syndactyly,
and heterotopic ossification of the right mid foot (arrows).
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Figure 3.
Structural analysis of effects of glycine substitution at residue 258 in ACVRL1. Hydrogen

bonds donated by the multivalent guanidino group of Arg258 are predicted to stabilize the
regulatory subdomain of ACVR1 via the C-terminus of the aGS1 helix and the GS loop,
which impinges on the C-terminus of aC, locking the helix in an inactive position [Chaikuad
et al., 2012]. Substitution with glycine at residue 258 is hypothesized to allow for
rearrangement and concomitant movement or slippage of the polypeptide backbone,
permitting the aC helix, and the key catalytic residue Glu248, to adopt an active
conformation. Through ionic interaction, Glu248 properly positions Lys235, which by
analogy makes crucial contacts with the a- and B-phosphate groups of the ATP substrate.
The ion pair and the mediating role of the a.C helix in the mechanism of autoinhibition are
common features of protein kinases [Huse et al., 2002]. Graphic model prepared with
PyMOL from PDB ID 3H9R.
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