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Abstract

Fibrodysplasia ossificans progressiva (FOP) is a rare human genetic disease in which de novo
osteogenesis — a developmental process occurring during embryonic skeletal formation —

induced aberrantly and progressively beginning during early childhood in soft connective tissues.
Episodic initiation of spontaneous bone forming lesions occurs over time, affecting a generally
predictable sequence of body locations following a pattern similar to that of the developing
embryonic skeleton. The heterotopic (extra-skeletal) bone formation in FOP can also be induced
by connective tissue injury. At the tissue level, an initial tissue degradation phase is followed by a
tissue formation phase during which soft connective tissues are replaced by bone tissue through
endochondral osteogenesis. This extra-skeletal bone is physiologically normal and develops
through the same series of tissue differentiation events that occurs during normal embryonic
skeletal development. The underlying genetic mutation in FOP alters the signals that regulate
induction of cell differentiation leading to bone formation. In addition to post-natal heterotopic
ossification, FOP patients show specific malformations of skeletal elements indicating effects on
bone formation during embryonic development as well. Nearly all cases of FOP are caused by the
identical mutation in the ACVR1 gene that causes a single amino acid substitution, R206H, in the
bone morphogenetic protein (BMP) type | receptor ACVRL1 (formerly known as ALK2). This
mutation causes mild constitutive activation of the BMP signaling pathway and identifies ACVR1
as a key regulator of cell fate decisions and bone formation, providing opportunities to investigate
previously unrecognized functions for this receptor during tissue development and homeostasis.
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Introduction

Bone formation, or osteogenesis, is normally restricted to the skeleton during embryonic
development during the initial formation of the elements of the skeletal system and to
fracture healing during repair of damage to the skeletal bone. Alterations in the regulatory
processes that direct where and when osteogenesis occurs can cause disease. Heterotopic
(extra-skeletal) ossification (HO) is a pathological condition in which qualitatively normal
bone tissue forms in non-skeletal tissues in response to abnormal induction of
osteogenesis. 2 Acquired, or non-hereditary, HO is usually associated with severe soft
tissue trauma, and is a common secondary complication that is induced in response to
central nervous system injury, total hip arthroplasty, deep tissue burns, and multiple other
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forms of trauma (including war-related injuries).1-8 HO has significant consequences for the
health of affected individuals, causing restricted joint range of motion, severe pain, and
limitations to prosthetic use. The onset of HO cannot be readily predicted, resulting in
limited understanding of the inductive events and cellular mechanisms that lead to this
ectopic bone formation.

In addition to acquired forms of HO, rare inherited disorders of extensive and progressive
HO have been identified’ and provide opportunities to identify important components of the
cellular mechanisms and pathways that regulate cell differentiation. Heterotopic bone can
form through endochondral ossification, in which cartilage forms and then is replaced by
bone — the same process through which most skeletal long bones develop, or through
intramembranous ossification, in which bone forms directly — the process through which the
skull forms. Fracture repair can occur through either endochondral or intramembranous bone
formation.8 In fibrodysplasia ossificans progressiva (FOP), a genetic disease of extensive
and progressive bone formation within soft connective tissues such as skeletal muscles,
heterotopic bone forms through endochondral ossification as a result of mutations in one of
the bone morphogenetic protein (BMP) type | receptors, identifying the BMP signaling
pathway and a specific BMP receptor, ACVR1, as critical components regulating cell fate
decisions and bone tissue formation.

Sidebar: Progressive osseous heteroplasia (POH)

Like FOP, progressive osseous heteroplasia (POH) is a human inherited disorder of
heterotopic ossification (MIM #166350;
http://www.omim.org/entry/166350?search=poh&highlight=poh).” Both FOP and POH are
monogenic autosomal dominant genetic disorders, identifying their disease-causing genes as
critical components of the regulatory mechanisms that direct cell fate decisions and bone
tissue and/or organ formation.

However, while activating mutations in ACVR1, a BMP type | receptor, induces heterotopic
endochondral ossification in FOP, heterotopic ossification forms mainly intramembranous
bone in response to inactivating mutations in the GNAS gene, a transcriptionally complex
locus that includes multiple promoters and is regulated in part through genomic
imprinting.”: 2 The most abundant protein product of this gene is GS alpha (Gsa), a
heterotrimeric G-protein alpha subunit form that activates adenylyl cyclases and cyclic AMP
and is ubiquitously expressed.

Although many cases of POH have been clinically misdiagnosed as FOP, POH can be
distinguished from FOP by several clinical criteria. Unlike FOP, POH is characterized by
ossification that initially develops within the dermis, often in association with adipose tissue.
POH heterotopic ossification progresses from the dermis to the underlying deep connective
tissues, with bone formation within skeletal muscle and in some cases fusing with skeletal
bone. Also distinct from FOP, POH is not associated with inflammation, predictable
regional patterns of HO, or FOP-like great toe malformations. Heterotopic bone formation in
POH forms in an asymmetric mosaic distribution and shows a predominance of
intramembranous bone formation.

DEVELOPMENTAL AND CLINICAL ASPECTS OF FIBRODYSPLASIA
OSSIFICANS PROGRESSIVA (FOP)

Characteristic Features of FOP

Overview—Fibrodysplasia ossificans progressiva (FOP; MIM 135100;
(http://www.omim.org/entry/135100?search=FOP&highlight=fop)) is a human disease of
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bone formation. The main characteristic and clinically significant feature of FOP is the
formation of extra-skeletal (heterotopic) bone. However, specific skeletal bone
malformations also occur, indicating that the underlying gene mutation influences the shape
and structure of the skeletal elements during embryonic development in addition to
regulating the cell fate decisions of progenitor cells in non-embryonic tissues.19 11 FOP is a
rare condition, occurring at a population frequency of about one per 2 million, and can be
inherited by autosomal dominant inheritance, although most cases are sporadic new
mutations in the affected person.12

A child carrying the FOP-causing mutation is usually born following an uneventful
pregnancy. He/she appears healthy, although bent great toes are observed at birth. In many
cases, the early childhood years are typical and active, although impaired neck movement is
frequently noted. At about five years of age, the child begins to experience painful swellings
that develop into hard bumps containing bone. These bone-forming events first appear in the
upper back and neck, and then episodically progress through the trunk of the body and to the
arms and legs. Over a time course of several years, this extra-skeletal bone fuses the
skeleton and spans joints to form an extensive network of extra-skeletal bone that causes a
near total immobilization of the body.

Skeletal malformations—In combination with heterotopic ossification, great toe
dysmorphology is a diagnostic criteria for the standard, or “classic”, clinical presentation of
FOP (Figure 1). Congenital malformation (hallux deformity) of the great toes is usually the
earliest phenotypic evidence that a person has FOP. The proximal phalanx of the first digit
of the foot is abnormally shaped and fused with the terminal first phalanx and an abnormal
first metatarsal is frequently observed.13 Fusions of the middle and terminal phalanges of the
second through fifth toes may also be present. These malformations are often bilaterally
symmetrical. (A depiction of the normal skeletal structure of the foot can be viewed:
http://www.britannica.com/EBchecked/media/101314/Bones-of-the-foot-showing-the-
calcaneus-talus-and-other.)

Great toe dysmorphology is the most characteristic and consistent skeletal malformation of
FOP, although other skeletal changes also commonly, but more variably, are present.10: 14
Skeletal dysmorphologies affecting the digits of the hands also occur but are less frequent
than foot abnormalities. Early developmental malformations are frequently observed in the
cervical spine. Other FOP-associated skeletal changes include short broad femoral necks and
proximal medial tibial osteochondromas. Patient observations support that the craniofacial
bone structure is also altered in FOP, with some effects possibly being secondary to disease
progression affecting craniofacial bones, while others resulting from altered development or
growth. Impaired conductive hearing is also a frequent feature of FOP.

Heterotopic ossification—HO in FOP begins early in life with a median age of onset of
five years, although in some cases ossification has occurred as early as the first year.
Subsequent gradual and progressive formation of extra-skeletal bone occurs within
connective tissues such as skeletal muscle, tendon, ligament, fascia, and aponeuroses;
smooth muscle and cardiac muscle do not become involved.10: 15

Episodes of HO generally occur in a characteristic anatomic and temporal pattern, with the
first events frequently occurring along the upper back and neck. Bone formation typically
occurs first in the dorsal, axial, cranial, and proximal regions of the body and later in the
ventral, appendicular, caudal, and distal regions. This typical progression pattern can be
altered in response to soft tissue injury which can induce an episode of heterotopic bone
formation,16-20
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By standard histology, biochemistry, metabolism, radiology, and biomechanics evaluations,
the properties of the extra-skeletal bone that forms in FOP are consistent with those of the
normal skeleton.19 15 Marrow cavities and bone marrow cells can form within the mature
heterotopic bone. The ectopic bone shows evidence of normal bone remodeling and
responds to fracture with a normal healing process. 10 15 The consequence is a bone tissue
system that has developed within the soft tissues of the body.

Atypical forms of FOP—A small number of patients with FOP-type progressive HO
show significant variation from the classic defining features of FOP (Table 1). These
patients are described as FOP variants.14 FOP variants most often differ from classic FOP in
the degree of severity of great toe malformations. Several FOP variants have more extensive
developmental effects on the skeleton, with some cases showing severe reduction deficits or
absence of toes and/or thumbs. Other very mild FOP variant cases have little or no
developmental changes in the skeletal elements.

A second small group of patients have the standard characteristics of classic FOP
(progressive HO and great toe malformations) but also have clinical features that are not
commonly associated with FOP. These patients are described as FOP-plus.14 Atypical
features that have been observed include sparse scalp hair, absence of finger/toe nails,
cataracts, retinal detachment, childhood glaucoma, persistence of primary teeth in
adulthood, mild cognitive impairment, and cerebellar abnormalities. It has not yet been
established whether these features are influenced by the underlying genetic mutation or are
due to independent causes.

GENETICS AND GENE MUTATIONS
ACVR1, the mutated gene in FOP

Genetic inheritance of FOP—In most cases, FOP is caused by a new mutational event
in a child who has unaffected parents and no prior family history. FOP is a severely
debilitating condition and inheritance from an affected parent to his/her children has been
identified in only a small number of families, however when genetic transmission occurs,
the inheritance pattern is autosomal dominant.12 21

The gene mutation in FOP was identified through linkage analysis using five families with
affected members in two generations.2! Linkage to chromosome 2q23-24 was observed in
all families and led to the identification of mutations in the ACVR1 gene which encodes
ACVR1 (activin A receptor, type I, which was formerly known as ALK2, activin-like kinase
2), a bone morphogenetic protein (BMP) type | receptor
(http://www.genecards.org/cgi-bin/carddisp.pl?gene=ACVR1).

The bone morphogenetic protein (BMP) signaling pathway—Bone morphogenetic
proteins (BMPs) are members of the transforming growth factor beta (TGFB) family of
extra-cellular signaling factors that activate heterotetramer receptor complexes of two type |
and two type Il serine-threonine kinase receptors (Figure 2). In response to ligand binding,
type Il receptors phosphorylate the glycine-serine (GS) cytoplasmic domain of the type |
receptors to activate the receptor complex.22-25 Activated type | receptors induce the BMP
signaling pathway and transcriptional regulation through phosphorylation of BMP pathway-
specific SMAD proteins (SMADs 1, 5, 8) and through MAP kinase pathways.22: 23 In
addition to ACVR1, the BMP type | receptor mutated in FOP, BMP signal transduction can
be mediated through the BMPR1A (formerly known as ALK3), BMPRIB (formerly known
as ALK®6), and ACVRL1 (formerly known as ALK1) type | receptors.
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FOP mutations

The classic R206H ACVR1 mutation—All individuals with classic clinical features of
FOP (sporadic and inherited cases) contain the identical heterozygous single nucleotide
substitution (c.617G>A) that changes amino acid 206 from arginine to histidine
(R206H).14 26 Codon 206 is highly conserved and occurs within the glycine-serine (GS)
region of the cytoplasmic domain of ACVR1.

Mutations in Atypical Forms of FOP—As found in patients with a classic clinical
presentation of FOP, all examined atypical patients with FOP-type heterotopic ossification
also have heterozygous ACVR1 missense mutations in conserved amino acids.14 FOP-plus
patients have the classic defining FOP features of progressive HO and great toe
malformations in combination with clinical characteristics that are uncommon in classic
FOP patients. The ¢.617G>A; R206H mutation that occurs in all cases of classic FOP occurs
in most cases of FOP-plus. FOP variants present with significant differences in the standard
clinical presentation of one or both of the two classic defining features of FOP, most
commonly milder or more severe malformation of the great toes. A large patient series as
well as individual case reports identified novel (non-R206H) ACVR1 mutations in each of
the FOP variant cases and in two patients with FOP-plus.14 27

ACVR1 Mutations—FOP patients are heterozygous for ACVR1 mutations, indicating that
one mutant allele is sufficient to cause the disease. This is consistent with the observed
autosomal dominant mode of inheritance. Homozygous mutations have not been found and
are thought to be embryonic lethal.

ACVR1 mutations in FOP are fully penetrant. None of the identified ACVR1 mutations have
been identified in unaffected individuals. DNA sequencing of patient genomic DNA
supports that there is no locus heterogeneity in FOP; all patients with FOP-type heterotopic
ossification thus far examined have a mutation in the ACVR1 gene.

All mutations identified in classic, atypical, and variant FOP patients are single nucleotide
substitutions that cause missense mutations, with the exception of a FOP variant case who
has a 3-nucleotide deletion that replaces two amino acids with a single codon.14 No
frameshift or nonsense mutations have been identified, supporting that in each case a mutant
protein with altered function is produced.

Genotype-phenotype correlations—Although the rate of progression and the severity
of HO vary greatly among individuals with classic and atypical FOP forms, progressive
postnatal HO is the common feature shared by all classic FOP, FOP-plus, and FOP variant
patients. Among the identified ACVR1 mutations in these patients, there is limited
correlation between the severity of heterotopic ossification and specific mutations,
supporting that all of the identified ACVR1 missense mutations influence the promiscuous
post-natal induction of cartilage and bone cell differentiation in similar ways on a cellular
level. However, given that the identified mutations occur in more than one functional
domain of the ACVR1 protein, some variation in specific molecular mechanisms that are
altered by the different mutations likely occur.

A strong influence of environmental factors in triggering episodes of heterotopic bone
formation in the context of ACVR1 mutation is supported by clinical observations of three
pairs of identical twins with FOP28 who show wide variability in disease progression within
each twin pair. However, skeletal formation, as reflected by toe malformations, is
remarkably similar between members of each twin pair suggesting a significant genetic
influence on embryonic development.
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Among patients with classic FOP, FOP-plus, and FOP variants, a wide range of variability
in the malformations of the great toes is observed, and genotype-phenotype correlations may
explain at least some of this variation. However, given the rarity of FOP-plus and FOP
variant patients, some of the ACVR1 mutations have been identified in only a single patient,
therefore such correlations are difficult to determine through currently available clinical
information.

Effects of FOP mutations on BMP signaling

All ACVR1 mutations in classic FOP, FOP-plus, and FOP-variants reside in or adjacent to
the glycine-serine (GS) activation domain or within the active site of the kinase, regions of
the receptor that participate in downstream signal transduction. Each of these mutated amino
acids is highly conserved evolutionarily, further supporting their functional significance.
Protein structure homology modeling predicts that each of the amino acid substitutions
activates the ACVR1 receptor and enhances signaling through both BMP-responsive and
BMP-independent mechanisms.14: 27. 29

Structure modeling predictions of the consequences of ACVR1 mutations are supported by
experimental studies examining the effects of the recurrent R206H FOP mutation on BMP
signaling. In vitro signaling assays demonstrated that ACVR1 R206H induces mild
constitutive activation of the BMP signaling cascade.3%-33 These data are consistent with
studies in cells from FOP patients that demonstrated altered signal transduction through the
BMP pathway with increased phosphorylation of BMP pathway signaling mediators (BMP-
specific SMADs and MAPK 14, formerly known as p38MAPK) and increased expression of
BMP transcriptional targets in the absence of BMP ligand as well as the ability to further
increase BMP signaling in response to ligand.34-37

The zebrafish (Danio rerio) is an important in vivo model for studying BMP signaling
activity during development and has been used to show that BMPs induce the formation of
ventral tissues during early embryonic development. Acvrl (formerly known as Alk8), the
zebrafish functional orthologue of human ACVRL1, acts as a BMP2/4/7 receptor, upstream of
Smad5. The zebrafish acvrl mutant model (lost-a-fin; laf) develops dorsalization of the
embryonic axis, indicating insufficient BMP signaling.38: 39 By contrast, over-activation of
BMP signaling induces embryonic ventralization.*? The dorsalized phenotype of zebrafish
acvrl null (laf) embryos was rescued by injection with wild-type human ACVR1 mRNAs,
however mutant R206H ACVR1 mRNA over-compensated for the lack of Acvrl in laf
embryos, causing a highly ventralized phenotype.3! That this ventralized phenotype occurs
even in embryos that are genetically null for all BMP ligands, indicates that the R206H
mutation confers ligand-independent hyper-activation of BMP signaling. Further analyses
demonstrated that downstream signaling by the mutant receptor is mediated through the
BMP-SMAD signaling pathway.39: 31. 33

Binding and activation of the SMAD signal transduction proteins occur through interaction
with the GS region of type | TGFB/BMP receptors, the location of the FOP R206H mutation
in ACVRL. In the absence of ligand-receptor binding, the GS domain of the type | receptors
binds FKBP1A (formerly known as FKBP12), a highly conserved inhibitory protein that
prevents leaky activation of type | receptors in the absence of ligand. In response to ligand
binding, FKBP1A dissociates from the receptor and SMADs are activated.22 24 25 The
ACVR1 R206H receptor has reduced interaction with FKBP1A,31-33. 41 syggesting that
impaired FKBP1A-ACVRL interaction contributes to BMP-independent BMP pathway
signaling. The ACVR1 R206H mutation does not fully prevent FKBP1A interaction
suggesting that FKBP1A-mutant ACVRL interactions are less stable and/or of shorter
duration, leading to mild constitutive receptor activation. FKBP1A-type | receptor binding
has been suggested to act as a gradient reader for morphogenetic activities of the inducing
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ligands, such as BMPs and TGFB, with reduced FKBP1A binding leading to changes in the
strength or timing of downstream signaling and dysregulation of differentiation and other
cellular processes.*!

BMP signaling regulates a diverse range of cellular activities including differentiation,
proliferation, apoptosis, migration, positional information, and stem cell renewal 29 45-49
Signaling mediated through subsets of BMPs and their cell surface receptors is important
during embryonic development to establish dorsal-ventral polarity in the developing
embryo, specifying the initial differentiation of ectoderm- and mesoderm-derived tissues and
organs.*® Mouse Acvrl knockout or activation models have shown that BMP signal
transduction through ACVRL1 contributes to tissue/organ development including embryonic
patterning during gastrulation, and the migration of neural crest cells that contribute to
cardiac and craniofacial development, eye development, and formation of germ cells.50-55
Clinical observations support that ACVR1 FOP activating mutations affect the development
and function of a range of tissues and organs.14

CELLULAR/TISSUE EFFECTS - FORMATION OF HETEROTOPIC LESIONS

Endochondral ossification during embryonic development and fracture healing occur
through the same stages of cellular differentiation to form cartilage and bone. These
processes differ, however, in that fracture repair initiates with a robust immune and
inflammatory response, while embryonic skeletal development does not. Histological
evaluation of FOP patient biopsies,?®: 7 supports that inflammation and an immune
response contribute to the early stages of heterotopic bone formation as occurs during
fracture repair.

Initiation of heterotopic ossification

Episodes of HO in FOP can be induced by soft tissue injury, such as surgery, muscle fatigue,
intramuscular injections, pre-school immunizations, and viral illnesses.1%: 15 These events
are accompanied by robust inflammation through the innate immune wound-repair response.
In the absence of injury, episodes of soft connective swelling leading to heterotopic bone
formation (or “flare-ups’) appear to initiate spontaneously with no overt induction by tissue
trauma.

However, even non-injury-associated HO events, as seen by analysis of spontaneous lesions
formed in an FOP knock-in mouse model (our unpublished observations), an immune
response is the first histological evidence of an HO lesion (Figure 3). The initiating stages of
early FOP lesions are recognized by the presence of mononuclear cells, monocytes,
macrophages, mast cells, and B- and T-lymphocytes within skeletal muscle and other
connective tissues.56 This immune response is similar to, but appears greater in magnitude
than, a normal tissue response to injury>6: 58. 59 and accompanies the destruction and
turnover of the surrounding connective tissues.

A normal tissue repair response includes a hypoxic microenvironment.59 Protein structure
homology modeling of the mutant R206H ACVR1 receptor predicts that an aberrant salt
bridge would promote over-activity of the FOP receptor under hypoxic conditions and lower
pH,%1 and a hypoxic tissue environment has been associated with induction of HO in a
mouse model.52 Our preliminary studies®? tested the hypothesis that a hypoxic
microenvironment enhances signaling through the mutant ACVR1 receptor and
demonstrated that signaling was enhanced and of longer duration in the presence of the
ACVR1 R206H mutation under hypoxic conditions.
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In the absence of detectable injury, low levels of mutant ALK2 activity have been
hypothesized’ to prime tissues to aberrantly trigger a tissue repair response and stimulate
immune cell migration to sites of an altered tissue microenvironment. Continued and/or
enhanced levels of BMP signaling mediated through mutant ACVR1 during this process
could exceed the signaling threshold that normally contributes to tissue repair and instead
lead to induction of cell differentiation programs that direct endochondral bone formation.
The described pattern of episodes of heterotopic ossification in the absence of overt trauma
is an observation for which we have no explanation.

Aberrant cellular differentiation

The initial phase of tissue turnover in FOP lesion formation is followed by a phase of tissue
formation (Figure 3) that is first indicated by angiogenesis and fibroproliferation, then is
followed by production of newly formed cartilage and bone through a normal sequence of
endochondral ossification stages.54 65 In essence, one tissue is replaced by another.

BMPs were initially recognized for their bone forming activity, and many proteins within
the BMP family have specific abilities to induce chondrogenesis and osteogenesis and
promote endochondral bone formation.2% 42 Acvr1 is expressed in chondrocytes and
osteoblasts and a constitutively active form (caACVR1; Q207D) enhances chondrogenesis
and induces HO.43 44 BMPs and BMP receptors are expressed in many adult tissues
including skeletal muscles and chondrocytes.

Comparison of ACVR1 R206H to the strongly constitutively active and ligand independent
ACVR1 Q207D mutation (caACVR1) confirmed that the FOP R206H mutation is only
mildly constitutively activating.31-32 Chick limb bud micromass cultures were used for
chondrogenesis assays and demonstrated that the ACVR1 R206H receptor has a milder
stimulation of cartilage cell differentiation compared to caACVR1 Q207D.3!

In recent years, there has been a growing interest in identifying the osteoprogenitor cells that
participate in heterotopic bone formation. A number of sources of putative progenitor cells
have been suggested,56-69 but few studies have investigated the identity of the specific cell
lineages responsible for the chondro-osseous anlagen BMP-associated heterotopic
ossification.

Early FOP lesions are highly angiogenic® and recent investigations of FOP patients and in
vivo mouse models of FOP-like heterotopic ossification demonstrated that connective tissue
progenitor cells of endothelial origin contribute to multiple stages in the development of the
heterotopic anlagen.”%: 71 While data support that endothelial lineage cells are not the only
source of chondro/osseous progenitor cells that contribute to heterotopic ossification, such
cells may have a significant role in this process.

Embryonic Skeletal Development

Malformations of the great toes are the most consistent and readily detected skeletal
anomaly caused by the ACVR1 R206H mutation. The malformation occurs during
embryonic development and is observed in newborn children with FOP. More detailed
analyses are required to explain the mechanisms through which this and other more subtle
skeletal effects of the mutation occur. However, it has been established that BMP signaling
plays key roles in the formation and differentiation of the mesenchymal cell condensations
that are precursors of the skeletal elements.’2 Interestingly, the great toe is one of the final
skeletal elements to form during embryogenesis, raising speculation that the FOP ACVR1
mutation alters levels of signaling that direct skeletal patterning, perhaps by perturbing a
signaling gradient, and this effect is more pronounced as skeletal development is completed.
Mutations in BMP ligands, receptors, and antagonists have been identified in a number of
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specific skeletal diseases including multiple forms of brachydactyly (shortening of fingers/
toes) that are associated with impaired BMP signaling as well as joint fusions that are
associated with loss-of-function Noggin (a BMP antagonist) mutations.”3: 74 BMP signaling
is also an important contributor to the growth Of skeletal elements with ACVR1 expressed
primarily in resting and proliferating chondrocytes in the growth plates and contributing to
bone growth.”® 76 It seems likely that ACVR1 mutations and altered BMP signaling may
affect skeletal development at multiple stages.

Conclusion

Multipotent progenitor cells are precisely regulated and directed to coordinately differentiate
to specialized cells in tissues and organs during embryonic development and to repair
damage in adult tissues under the guidance of signals such as morphogen gradients and cell
shape change-induced biomechanical stress. Cells interpret these complex signals through
signal transduction pathways that direct transcriptional activation and repression, which in
turn determine cell fate. FOP is a human genetic disease that alters the regulation of
progenitor cell differentiation as a consequence of mutations that activate the BMP type |
receptor ACVRL1 and downstream signaling. While the identification of dysregulated BMP
signaling through a specific BMP receptor was a significant advance in our understanding of
this disease, much remains to be understood regarding the developmental and other
phenotypic consequences of the mutation and the cellular mechanisms that mediates these
effects.

Most patients with FOP share the identical ACVR1 mutation, a single nucleotide substitution
within a region of the ACVR1 receptor that is critical for downstream signal transduction.
The R206H mutation causes mild constitutive activation of the BMP signaling pathway in
the absence of receptor activation by ligand and shows enhanced signaling in response to
ligand. As a consequence of this mutation, at birth, patients are noted to have short,
malformed great toes, as well as other variable skeletal effects. After birth, usually during
early childhood, progenitor cells are mobilized to aberrantly differentiate to cartilage and
bone, forming extensive ectopic bone tissue in skeletal muscles, tendons, ligaments.

Given the multiple roles of the BMP signaling pathway in many stages of development and
in a wide range of cells and tissues, it would not be unexpected that the enhanced BMP
signaling induced by the FOP ACVR1 mutation contributes to multiple stages of heterotopic
bone formation, including an aberrant response to tissue injury (and/or tissue changes that
are perceived as tissue damage) that initiates lesion formation, an induced or enhanced tissue
environment that supports and promotes bone formation, recruitment of progenitor cells
with potential for chondrogenesis and osteogenesis, and directing cell differentiation to
cartilage and bone fates.

In addition to heterotopic osteogenesis after birth. malformations of the skeletal elements in
FOP demonstrate the participation of BMP signaling through the ACVRL1 receptor during
embryonic bone development. Further, given the multiple roles of the BMP signaling
pathway in many stages of development and in a wide ranges of cells and tissues, it is highly
likely that the FOP mutation affects the development and functions of a range of tissues and
organs outside of the musculoskeletal system.

FOP provides a unique view of the importance of a precisely regulated ACVR1-BMP
pathway. As we have learned more about this disorder, new insight has generated many new
questions about developmental biology, signaling mechanisms, and determination of cell
fate including — What are the roles of ACVR1 during embryonic development? Why are
specific FOP phenotypic effects exhibited in the great toe? What are the molecular
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mechanisms that permit leaky activation and enhanced ligand response from the mutant
receptor? What are the critical downstream BMP/ACVR1 signaling targets that direct HO
and normal skeletogenesis? What are the sources of chondro/osseous progenitor cells in
adult tissues? Does the mutation have a cell autonomous or non-autonomous effect on the
precursor cells, or both? How does the mutation initiate the earliest pre-osteogenic events
that support bone formation? These issues remain open questions, however with emerging
genetically-engineered mouse models containing the Acvrl R206H mutation along with
other models of heterotopic ossification, answers to these questions can be addressed.

For people who have FOP and their families, the most significant question to be answered is
the identity of the specific and effective treatments that will prevent the action of the
ACVR1 mutation to form cartilage and bone. Understanding the developmental biology of
HO and endochondral osteogenesis give us opportunities to identify strategies for
therapeutic interventions that rescue the effects of a perturbed signaling pathway to prevent
unwanted bone formation as well as additional opportunities to modify the pathway to
enhance signaling and engineer replacement cartilage and bone tissue.
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Figure 1.

Clinical features of fibrodysplasia ossificans progressiva (FOP). The classic clinical
phenotype of FOP is characterized by two features:

(a) The extensive heterotopic bone formation typical of FOP is seen in a three-dimensional
reconstructed computed tomography (CT) scan of the back of a twelve-year-old child.
Ribbons, sheets, and plates of bone form in extra-skeletal connective tissue and fuse the
joints of the axial and appendicular skeleton. For comparison, an image of a normal skeleton
(back view) can be viewed at: http://www.shutterstock.com/pic.mhtm1?id=11313556.

(b) Radiograph of the feet of a three-year-old child shows symmetrical great toe
malformations (a circle indicates the left foot malformation) of metatarsals and proximal
phalanges along with microdactyly, fused interphalangeal joints, and hallux valgus
deviations at the metatarsophalangeal joints.

[Reprinted from Shore et al., Nature Genetics 2006, 38, 525-527.]
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Figure 2.

Generalized schematic of the BMP signaling pathway.

Type | and type Il BMP receptors span the cell membrane and bind extracellular BMP
ligand. Ligand binding to receptor complexes activates signaling through type 1l receptor
phosphorylation of the type I receptor at the GS domain. Type | receptor phsophorylation is
accompanied by reduced GS binding by proteins, such as FKBP1A, that regulate receptor
signaling in the absence of ligand binding. Activated type | receptor phosphorylates
cytoplasmic signal transduction proteins such as R-SMADs and MAPKSs, which in turn,
directly or indirectly regulate transcription of target genes in the nucleus.

[Reprinted from Shore and Kaplan, Nature Reviews Rheumatology 2010, 6,518-527.]
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Tissue Formation

Figure 3.

Heterotopic ossification in FOP.

The initial stages of FOP lesion formation involves inflammation and the destruction of
connective tissues (a, b), followed by tissue replacement (c, d). Inflammatory and immune
cell infiltration () is followed by tissue degradation and loss of the skeletal muscle structure
(b). Subsequent tissue formation includes fibroproliferation and angiogenesis (c), followed
by chondrogenesis and osteogenesis (d) and the formation of heterotopic endochondral
bone. (Images are from patient biopsies obtained prior to a diagnosis of FOP. Tissue trauma,
including biopsies, can induce FOP lesion formation and therefore are not obtained
following diagnosis.)

[Figure courtesy of Salin Chakkalakal, PhD.]
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Clinical Features of Classic FOP, FOP-Plus, and FOP Variants?
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Classic FOP  FOP-plus FOP Variants
Number of cases evaluated n>100 n=8 n=12
ACVR1 mutation: codon change all R206H most R206H  in GS or kinase domains; no
R206H
Age of HO onset (years) 1-10 <1-14 <1-2 or 8-26
Classic/Defining FOP Features:
Characteristic malformations of great toe (hallux valgus, malformed 1st 100% 100% 0%
metatarsal, and/or monophalangism)
Progressive heterotopic ossification in characteristic anatomic patterns 100% 100% ~100%
Common Variable FOP Features:
Conductive hearing impairment >50% >50% <50%
Cervical spine malformations >80% >80% <80%
Proximal medial tibial osteochondromas >90% >90% <50%
Short broad femoral necks >70% >70% <70%
Thumb malformations (short 1st metacarpal, +/— monophalangism) ~50% ~50% ~50%
Atypical FOP Clinical Features:
Severe variable reduction deficits of digits 0% 0% ~50%
Absent finger/toe nails in digits with severe reduction deficits 0% 0% ~50%
Normal or minimal changes in great toes 0% 0% ~50%
Intra-articular synovial osteochondromatosis of hips and DJD of hips 0% 0% ~25%
Sparse, thin scalp hair (more prominent in 2nd decade) 0% n=1 ~50%
Mild cognitive impairment 0% n=1 ~50%
Severe growth retardation 0% n=2 0%
Cataracts 0% n=1 0%
Retinal detachment 0% n=1 0%
Childhood glaucoma 0% n=2 0%
Craniopharygioma 0% n=1 0%
Persistence of primary teeth in adulthood 0% n=1 0%
Anatomic abnormalities of cerebellum 0% n=0 n=2
Diffuse cerebral dysfunction w seizures 0% n=1 0%
Polyostotic fibrous dysplasia 0% n=1 0%
Primary amenorrhea 0% n=1 n=1
Aplastic anemia 0% n=1 0%
Hypospadias 0% n=0 n=1
Cerebral cavernous malformations 0% n=0 n=1

a_ . . . . - Lo .
Patients reported in Kaplan et al., Human Mutation 2009, 30, 379-390 are summarized. Additional individual FOP variant cases have also been

reported.
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