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Abstract

Human disorders of hereditary and nonhereditary heterotopic ossification are conditions in which
osteogenesis occurs outside of the skeleton, within soft tissues of the body. The resulting
extraskeletal bone is normal. The aberration lies within the mechanisms that regulate cell-fate
determination, directing the inappropriate formation of cartilage or bone, or both, in tissues such
as skeletal muscle and adipose tissue. Specific gene mutations have been identified in two rare
inherited disorders that are clinically characterized by extensive and progressive extraskeletal bone
formation—fibrodysplasia ossificans progressiva and progressive osseous heteroplasia. In
fibrodysplasia ossificans progressiva, activating mutations in activin receptor type-1, a bone
morphogenetic protein type | receptor, induce heterotopic endochondral ossification, which results
in the development of a functional bone organ system that includes skeletal-like bone and bone
marrow. In progressive osseous heteroplasia, the heterotopic ossification leads to the formation of
mainly intramembranous bone tissue in response to inactivating mutations in the GNAS gene.
Patients with these diseases variably show malformation of normal skeletal elements, identifying
the causative genes and their associated signaling pathways as key mediators of skeletal
development in addition to regulating cell-fate decisions by adult stem cells.

Introduction

The formation and maintenance of tissues and organ systems depend on the coordination of
cellular events and mechanisms. In human genetic diseases, the normal functions of cells are
perturbed by alterations in aspects of the expression, duration of signaling, structure or
interaction (or combinations thereof) of cellular proteins during embryonic development or
later in life (or both). Throughout life, bone formation is normally limited to the skeletal
system. During embryogenesis, most skeletal elements, such as the long bones, form
through endochondral ossification, in which cartilaginous skeletal anlagen are replaced by
bone, while other elements, such as the skull, ossify directly through a process described as
intramembranous ossification.!
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Heterotopic ossification is a pathological condition in which bone forms in nonskeletal
tissues.23 Formation of this ectopic bone in soft tissues requires precursor cells that have the
potential to differentiate into bone or cartilage (or both), a conducive tissue
microenvironment, and an inducing event to initiate the cellular and molecular events that
lead to bone formation. The heterotopic bone that forms is qualitatively normal
endochondral or intramembranous bone, and develops through processes that parallel the
events that occur during normal embryonic bone and skeletal formation, as well as those
occurring in bone regeneration during fracture healing. The pathophysiology of heterotopic
ossification is caused by dysregulation of cell-fate determination and in appropriate
induction of the bone formation program.

Nonhereditary forms of heterotopic ossification are frequent complications of a number of
common conditions, although the environmental or genetic factors that predispose some
individuals to heterotopic ossification remain uncertain. Induction of nonhereditary hetero
topic ossification is associated with certain types of severe tissue trauma, including injury to
the spinal cord and brain, hip replacement surgery, severe burns, and high-energy war
wounds; nonhereditary heterotopic ossification is also a complication of age-associated
conditions such as atherosclerosis and pressure ulcers.2~” Nonhereditary forms of
heterotopic ossification have been reviewed elsewhere?3 and will not therefore be discussed
further in this article.

Two human genetic diseases of progressive and extensive heterotopic ossification are
known: fibrodysplasia ossificans progressiva (FOP) and progressive osseous hetero plasia
(POH).89 Each of these conditions is caused by mutations in a single (different) gene, which
indicates that these disease-causing genes are critical components of the regulatory
mechanisms that direct cell-fate decisions and bone tissue and/or organ formation. In this
review, we compare and contrast the bone formation process that occurs in patients with
FOP and POH, and discuss the relevance of the mutated pathways that underlie these
conditions to normal bone and skeletal development.

Fibrodysplasia ossificans progressiva

FOP is a severely disabling genetic disease in which bone forms at extraskeletal sites within
connective tissues such as skeletal muscle, tendon, ligament, fascia and aponeuroses.8-13
Specific skeletal malformations also occur in patients with this disease. Classic clinical
features of FOP include progressive heterotopic ossification and big toe malformation
(Figure 1). FOP is a rare condition, occurring at a population frequency of approximately
one per 2 million individuals. Although most cases occur in individuals with no prior family
history of FOP, autosomal dominant inheritance has been observed in a small number of
families.14

FOP and mutation of ACVR1

Genetic linkage analysis and positional cloning were used to identify ACV/RI (located on
chromosome 2g23-24) as the mutated gene responsible for FOP.1® Activin receptor type-1
(ACVR1,; also known as activin-like kinase 2 [ALK-2]) is a bone morphogenetic protein
(BMP) type I receptor. All individuals with classic features of FOP harbor the identical
heterozygous single nucleotide substitution (a guanine to adenine change at position 617)
that changes amino acid 206 from arginine to histidine. Codon 206 is highly conserved and
occurs within the glycine-serine region of the cytoplasmic domain of ACVR1.

BMP signaling—BMPs are members of the transforming growth factor p (TGF-B) family

of extracellular signaling proteins, which regulate a diverse range of cellular activities
including differentiation, proliferation, apoptosis, migration, mediating positional
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information and stem-cell renewal.16-22 A unique function of many members of the BMP
subfamily is the induction of the complete pathway of endochondral bone formation.23 BMP
signaling is important in embryonic development and skeletal formation, although BMPs
and their receptors are also expressed in many adult tissues, including skeletal muscles and
chondrocytes.

Signal transduction through the BMP pathway is mediated through heterotetrameric receptor
complexes comprising two type | and two type Il serine/threonine kinase receptors (Figure
2). In addition to ACVR1, other type I receptors include BMPR-1A (also known as ALK-3)
and BMPR-1B (also known as ALK-6). In response to ligand binding, type Il receptors
phosphorylate the cytoplasmic glycine—serine domain of type I receptors, resulting in their
subsequent activation.24-29 Activated type | receptors mediate downstream signaling
through BMP-pathway-specific SMAD proteins and through mitogen-activated protein
kinase pathways, both of which can directly or indirectly regulate the transcription of target
genes in the nucleus.?4:39-32 The signaling specificity attained by type | BMP receptors is
probably established through their highly regulated temporal and spatial expression, and
through other mechanisms such as receptor interactions, including the existence of different
combinations of receptor heterodimers within a receptor complex.24:27:30.31.33-35 |
addition, BMPs act as morphogens, inducing receptor activation in a dose-dependent
manner. This ability of BMPs to function as morphogens is established, in part, by the
presence of BMP antagonists, which prevent BMP from binding to its receptors.36 BMP
signaling is a highly regulated process that is dependent on negative and positive regulatory
feedback.2’

ACVR1 and the skeleton—ACVRL1 is expressed in chondrocytes and osteoblasts, and
overexpression of the constitutively active form of ACVR1—caALK2—enhances
chondrogenesis, expands cartilage elements, stimulates joint fusions, and induces
heterotopic ossification in animal models.3”:38 FOP is associated with similar clinical
findings and with dysregulation of the BMP signaling pathway.3%-42 /n vitro and in vivo
assays support the concept that the Arg206His ACVVR1 mutation in FOP is an activating
mutation that induces BMP signaling in BMP-independent and BMP-responsive manners to
activate downstream signaling.*344 However, in contrast to caALK2, which causes
embryonic lethality in mouse models,*>46 the FOP Arg206His ACVR1 mutation is more
mildly activating, providing an explanation for its compatibility with life.44

Heterotopic ossification in FOP

The most clinically relevant feature of FOP is the episodic formation of extraskeletal
bone.8:9.11-1347 postnatal heterotopic ossification in FOP usually begins before the age of 5
years, and proceeds in predictable temporal and spatial patterns.4849 In the absence of
trauma, which alters the natural progression of the disease, episodes of heterotopic bone
formation occur in a pattern that parallels the sequence of formation of skeletal elements
during embryonic development. Typically, the upper back and neck are the first parts of the
skeleton to be affected; the physiological basis of this progression pattern has not been
identified. Over time, ectopic bone formation in FOP is progressive, cumulative and
extensive, bridging the joints of the axial and appendicular skeletons and causing near-
complete immobilization of the body (Figure 1a).

Stages of FOP heterotopic ossification—Although many episodes of FOP lesion
formation (also known as ‘flare-ups’; FOP flare-ups are irreversible once bone formation
occurs) seem to initiate spontaneously, exacerbation of the disease is frequently stimulated
by soft tissue injury, such as surgery, muscle fatigue, intramuscular injections, or preschool
immunizations, or by viral illnesses.11:48-51 Whether or not an episode is associated with
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overt injury, the immune system seems to have an important role in triggering FOP flare-
ups. Histological evaluation of the stages of FOP lesion formation has shown that a phase of
tissue destruction precedes a phase of proliferation and tissue formation (Figure 3).52:53
Inflammatory cells of lymphocytic, macrophage, and mast cell origin are present in the
perivascular space of early FOP lesions, deep within skeletal muscle and connective
tissue.52:54.55 The response of patients with FOP is similar to, but greater in magnitude than,
a normal tissue response to injury. The presence of inflammatory cells is associated with
damage to skeletal muscle cells and a hypoxic microenvironment, both of which are
hypothesized to trigger the fibroproliferative response in early FOP lesions.47:53:56.57

Early FOP lesions are highly angiogenic®® and investiga tions of FOP patients and in vivo
mouse models of FOP-like heterotopic ossification have demonstrated that connective tissue
progenitor cells of vascular origin contribute to multiple stages in the development of the
heterotopic anlagen.®”-°8 An angiogenic fibroproliferative stage of FOP lesion formation is
followed by the production of connective tissue with cartilage and bone through a normal
sequence of endochondral ossification stages (Figure 3).47:52:53.56 |n gssence, one tissue is
replaced by another.

The stages and events of FOP endochondral heterotopic ossification reflect the events that
occur in embryonic skeletal development and in bone repair during fracture healing. Mature
heterotopic bone in FOP can form bone marrow cavities and produce apparently normal
bone marrow.59 The ectopic bone that forms in FOP is normal skeletal bone as defined by
most criteria, including histology, biochemistry, metabolism, radiology and
biomechanics.5%-61 The consequence is a skeletal-like bone organ system that develops in
FOP patients in response to the mutated BMP receptor.

A model for the effect of ACVR1 mutation—A working model proposes that the
moderate constitutive activation of BMP signaling that results from mutation of ACVRZin
FOP alters the BMP signaling “set point’, thereby increasing the basal level of BMP
pathway acti vity to prime cells in connective tissues to be more responsive to interactions
with inducers and modulators of cell differentiation in the tissue microenvironment (Figure
4). Stimuli such as injury then trigger or mediate (or both) active episodes of bone formation
in FOP patients. This model is consistent with the quiescent periods that are observed in
FOP patients between active episodes of heterotopic bone formation.

FOP and fracture healing

Although normal skeletal formation is limited after the skeleton has been generated during
early development, vertebrates retain the ability to regenerate skeletal elements during
fracture repair. Fracture healing parallels the stages of endochondral bone formation during
skeletal development, a process that is also induced by BMPs.23:62:63 BMPs and components
of the BmP signaling pathway are expressed during the course of fracture healing and are
required for this process.84-67

If the heterotopic bone in a patient with FOP sustains a fracture, this extraskeletal bone will
undergo a qualitatively normal fracture repair process.58 The rate of fracture repair in the
normal skeleton of an FOP patient is similar to that of healing of normal skeletal bone;
however, anecdotal observations indicate that the rate of repair within the heterotopic bone
seems to be accelerated. Of particular note is that fracture occurrence and subsequent
healing in FOP patients have not been as sociated with inducing new heterotopic
ossification.
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FOP and embryonic development

The underlying mutation in ACVR1 in FOP alters bone formation during embryonic skeletal
development in addition to inducing heterotopic bone formation postnatally.8:9-11.13.69 \When
a child with FOP is born, the only obvious physical finding that might provoke suspicion of
the disease is congenital malformation of the big toes. However, other skeletal changes are
commonly, but variably, present, including a short broad femoral neck, spine/vertebral
malformations and tibial osteochondromas. %71

Mutations in specific components of the BMP signaling pathway, including receptors,
ligands, and BMP antagonists, cause various human skeletal disorders,’? providing valuable
information about the temporal activity and the tissue-specific expression of specific
components of this complex signaling pathway. The FOP Arg206His ACVR1 mutation has
relatively subtle effects on the skeleton, which suggests that this mutation modulates
embryonic skeletal development, perhaps by altering the level or duration of BMP signaling.
In addition to the Arg206His ACVR1 mutation identified in patients with a classic clinical
presentation of FOP, a small number of patients have been identified with increased or
decreased severity of FOP-type ectopic ossification or developmental skeletal
malformations, or both,”3 and are also caused by a mutation in ACV/R1. These mutations,
however, do not affect residue 206 but fall within the GS domain or in the protein kinase
domain. In at least some cases, genotype—phenotype correlations are observed. Of particular
note are mutations within codon 328; specific mutations are associated with little or no toe
malformation and late onset of heterotopic ossification, whereas other mutations in this
codon correlate with extensive heterotopic ossification and severe malformation or absence
of thumbs and big toes.”

Although the first identified function of BMPs was in promoting bone formation,23.74 BMPs
are important in the development of a wide range of vertebrate tissues and organs.19.75-80 A
gradient of BMP signaling establishes dorsal-ventral polarity in the developing embryo,
thereby specifying the initial differentiation of ectoderm-derived and mesoderm-derived
tissues and organs.1” Mouse models in which ACV/R1 has been knocked out or activated
have shown that roles for BMP signal transduction through ACVRL1 include embryonic
patterning during gastrulation, the migration of neural crest cells that contribute to cardiac
and craniofacial development, eye development, and the formation of germ cells.81-86
Patient observations (F. S. Kaplan, unpublished observations) and preliminary data from
mouse models (S. Chakkalakal and E. M. Shore, unpublished observations) support the
notion that activating mutations in ACV/R1 that are associated with FOP affect the
development and function of a range of tissues and organs.’3

Progressive osseous heteroplasia

Similar to patients with FOP, patients with POH experience extensive formation of bone
within soft connective tissues (Figure 5).87 Like FOP, this bone formation is episodic and
progressive. However, POH and FOP can be distinguished on the basis of several clinical cri
teria.8.9:88.89 Unlike in FOP patients, ossification within the dermis typically occurs in
patients with POH, often in association with adipose tissue (Figure 6).8:88 POH heterotopic
ossification progresses from the dermis to the underlying deep connective tissues; bone
forms within skeletal muscle, sometimes fusing with skeletal bone. Distinct from FOP, POH
is not associated with inflammation, predictable regional patterns of heterotopic ossification,
or FOP-like big toe malformations. Heterotopic bone formation in POH patients occurs in an
asymmetric mosaic distribution and is mainly intramembranous (Figure 5).8:88.90.91
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The GNAS locus

POH is caused by inactivating mutations in GNAS,% a transcriptionally complex locus that
contains multiple promoters and first exons that are spliced to a common set of exons 2-13
(Figure 7).92-95 Genomic imprinting mechanisms, which differentially methylate the
maternally inherited and paternally inherited copy of each gene, contribute to promoter
selection and transcriptional regulation within the locus. The most abundant protein product
of this gene is Gsa, a ubiquitously expressed heterotrimeric G-protein alpha subunit that
activates adenylyl cyclases, thereby increasing levels of cyclic AMP. The Gsa transcript is
expressed from both alleles in most tissues, but is expressed only from the maternally
inherited allele in a subset of cells and tissues. The GNAS locus also encodes XLas, a
variant form of Gsa with a longer amino-terminal domain that seems to function similarly to
Gsa but has a more restricted expression pattern and lower expression levels. Transcription
of XLas is restricted to the paternally inherited GNAS allele. A third transcript produces
neuroendocrine secretory protein 55 (Nesp55); expression is limited to the maternally
inherited allele and is highest in the nervous system and endocrine tissues, but little is
known about the function of this protein. In addition, noncoding transcripts are generated
from the locus and have been implicated in the transcriptional regulation of other transcripts
within the GNAS locus. Exon A/B (exon 1A in mice) is only expressed from the paternal
allele and, like the coding transcripts, splices to exons 2—13. Nespas is an antisense
transcript that overlaps Nesp55 exon 1 and is only expressed from the paternal allele of the
GNAS locus.

Other GNAS inactivation disorders

POH is a rare disorder, with fewer than 60 clinically-confirmed cases worldwide. The rarity
of the disease seems to be a function, at least in part, of the incomplete penetrance of
inactivating GNVAS mutations®! and the wide and variable range of clinical phenotypes that
are associated with these mutations. POH is among a number of related genetic disorders
that are associated with heterozygous inactivating mutations in GNAS, including Albright
hereditary osteodystrophy (AHO), pseudohypoparathyroidism (PHP) and osteoma cutis
(Box 1).91-97 This spectrum of GNAS inactivation disorders has the common feature of
superficial/dermal ossification; however, POH is unique in that it causes heterotopic
ossification that is not limited to the dermis and subcutaneous tissues.88:90.91

Heterotopic ossification in POH

Heterotopic bone formation in POH is typically intramembranous, but evidence of ectopic
cartilage has been observed.? As heterotopic ossification in POH progresses into the deeper
connective tissues, the appearance is diffuse and web-like; discrete skeletal-like elements do
not form (Figure 5).8:88.90 Bone formation in POH originates spontaneously in the dermis;
the initial clinical presentation is indistinguishable from the subcutaneous ossification that is
a common feature of AHO. Subcutaneous ossification and other features of AHO, which
include short stature, round face and brachydactyly, are common in patients with PHP type
1a (PHP1a).92-94.96 However, most POH patients show no AHO features, and POH patients
also lack the hormone resistance and obesity that are characteristically associated with
PHP1a. 8891

PHP1a is caused by mutation of the maternally inherited GNAS allele and is rarely
associated with extensive progression of bone formation beyond initial dermal ossification.
By contrast, paternal inheritance of inactivating GNAS mutations in patients with POH
correlates highly with progressive formation of bone that extends from superficial sites in
the dermis into deeper soft connective tissues such as skeletal muscle and fascia.?%:91 These
observations support the theory that induction of bone formation within the dermis results
from GNAS haploinsufficiency, whereas the progression of bone to deeper tissues might be
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regulated by skewed expression levels from the two GNAS alleles or by loss of specific
transcripts, such as XLas, that are expressed from the paternally inherited GNAS allele.
Consistent with the possibility that specific transcripts might be involved in the extensive
progression of bone formation, no mutations in GMAS exon 1, which is specific for the Gsa
transcript, have so far been identified in patients with POH.9991 However, POH-like
progressive bone formation has, in rare cases, been reported to occur in patients with
maternal GNAS mutation and/or features of AHO or PHP1a%:94.98 (E. M. Shore and F. S.
Kaplan, unpublished observations), suggesting a range of patient sensitivities and responses
to GNAS mutations, which perhaps reflects variations in individual genetic backgrounds.

Lessons from mouse models

The association of features of AHO with those of both PHP1a and POH supports the concept
that these features are a result of GNAS haploinsufficiency during early skeletal
development, which can be caused by deficiency of either the maternally or paternally
inherited GNAS allele. Further support has come from mouse models of Gnas
haploinsufficiency; these models show brachydactyly and reduced adult length with either
maternal or paternal null alleles.®295 Mouse models in which the maternal or paternal Gnas
allele has been knocked out also experience subcutaneous ossification, similar to clinical
findings of AHO, although only at advanced adult ages (E. M. Shore and F. S. Kaplan,
unpublished observations).2%:97 However, these mouse models show no evidence of
progression to deep tissues, as occurs in patients with POH.

Mouse models with a maternally inherited Gnas null allele®%:93 show characteristics of AHO
and PHP1a, with hormone resistance and increased adiposity. By contrast, mice with
paternally inherited Gnas null alleles show a normal hormone response and lean body mass,
similar to findings in POH patients. Results from Gnas-transcript-specific knockout models
have shown that the lean body mass associated with paternal Gnas allele inactivation
correlates with the loss of the paternally expressed Gnasx| (XLas) transcript.100

Gnas mouse models have also shown that Gsa is important in osteoblast and chondrocyte
differentiation.92:95 Studies of chimeric mice revealed that Gsa null or Gsa
haploinsufficient chondrocytes undergo accelerated differentiation to hypertrophic
chondrocytes, resulting in shorter growth plates and bones, probably as a result of defects in
signaling through parathyroid hormone and parathyroid hormone-related protein, 101,102
Osteoblast-specific Gsa-null mouse models showed reduced long bone size, reduced
amounts of trabecular bone and thicker cortical bone, with an overall reduction in the rate of
bone turnover,103 suggesting that an effect of Gsa. haploinsufficiency on the normal
skeleton is to reduce bone growth and maintenance. By contrast, Gsa haploinsufficiency
enhances initiation of osteogenesis during ectopic bone formation.

GNAS is widely expressed in various cells and tissues, and mutation or insufficiency would
be expected to have effects on multiple developing tissues and organs. Such consequences
have been observed in patients and mouse models and include, in addition to effects on
skeletal development and subcutaneous ossification, effects on energy metabolism,
accumulation of adipose tissue, renal function, cognitive abnormalities, and bone marrow
hematopoiesis,92:95.104

Therapeutic strategies for FOP and POH

No effective treatment options for FOP or POH are currently available. For FOP, anti-
inflammatory agents such as steroids have, in some cases, been associated with the
suppression of flare-ups if used at early stages of onset. However, current care regimens for
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FOP and POH patients are mainly palliative. Knowledge of the genetic causes of these
disorders greatly increases the possibility that effective treatments can be developed.

The identification of an activating mutation in a cellsurface receptor, ACVRL1, in FOP
provides a target with good potential for therapeutic intervention. Most cases of FOP are
caused by the identical ACV/RI mutation, suggesting that treatments could be directed
against a highly specific region of the ACVR1 protein or specific signaling event, or both.
The identification of this mutation together with a growing understanding of its mechanism
of activity mean that at least four broad approaches for intervention are possible (reviewed
elsewherel99), First, the enhanced activity of the ACVR1-induced signaling pathway could
be inhibited, potentially by the use of signal transduction inhibitors to block receptor
activity, RNA inhibition, monoclonal antibodies, and/or secreted antagonists. This approach
is likely to be the most promising, at least in the short term. Second, the chondrogenic or
osteogenic progenitor cell that gives rise to heterotopic bone and/or a cell that stimulates
differentiation of the progenitor cell could be targeted. Suppressing the inflammatory
stimulus that accompanies the initiation of FOP lesions is an additional possibility. Finally,
it might be feasible to alter the connective tissue microenvironment that supports heterotopic
ossification.

Compared to identifying plausible therapeutic strategies for FOP, determining an
appropriate target for treating POH is a much greater challenge. Unlike approaches for FOP
that involve inhibition (or partial inhibition) of an activating mutation, developing agents or
strategies to compensate for the inactivating GAMAS mutations in POH is more difficult,
partly owing to the complexity of the GNMAS gene and our dearth of knowledge. The
development of a therapy for POH is confounded by several factors. First, several products
are expressed from the GAVAS gene. Moreover, genetic imprinting occurs at the GNAS
locus. Furthermore, several signaling pathways are initiated downstream of GNAS products.
GNAS expression is ubiquitous, as are the activities of its products, which would make it
difficult to limit any desired effect to a specific cell or tissue. Related to this point, there is
minimal understanding of the roles of GNAS in osteogenesis and a lack of knowledge of the
progenitor cells in the target tissue.

Our group, and other researchers, are investigating the functions of GNAS products, with a
particular interest in paternal allele-specific transcripts (such as XLas) that are relevant to
osteogenesis and the progression of heterotopic ossification to extensively infiltrate
connective tissues.196-110 Sych investigations have identified cyclic AMP signaling, the
major pathway downstream of Gsa and XLas, as being important in regulating cellular
differentiation. Crosstalk between BMP signaling and GNAS—cyclic AMP signaling
pathways is thought to be relevant to osteogenesis (S. Zhang and E. M. Shore, unpublished
observations),110 suggesting the possibility that common treatment strategies might be
applicable to POH and FOP. Further investigations to understand the regulation of cell-fate
decisions and osteogenic differentiation will help to identify the best targets for POH and
FOP, as well as strategies that are likely to be applicable to a range of other disorders that
affect cell-fate determination.

Conclusions

FOP and POH are two rare human genetic disorders of heterotopic ossification that have
broad implications for understanding and manipulating physiologic bone formation. In FOP,
activating mutations in the gene encoding the BMP type | receptor ACVR1 induce
endochondral heterotopic ossification that results in a functional bone organ system. In
POH, the heterotopic ossification forms mainly intramembranous bone tissue in response to
inactivating mutations in GNAS.
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Identification of the gene mutations that cause these diseases provides opportunities to
discover cellular pathways and mechanisms that regulate bone and cartilage cell
differentiation and that direct the formation of the skeleton. Although the clinical
presentations of heterotopic ossification in FOP and POH are distinct, the two underlying
pathways regulate overlapping cellular processes, which plausibly function in part through
cellular crosstalk but also carry out distinct roles to regulate where, when, and how bone
forms.

Investigations into FOP and POH provide new information that is relevant to understanding
the basic biology of cell-fate decisions during embryogenesis and in adult connective
tissues. Although these are rare conditions, the application of knowledge gained from the
study of FOP and POH is potentially great, with relevance to therapeutic development for
more common conditions of nonhereditary heterotopic ossification and to strategies for
tissue engineering.
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L earning obj ectives
Upon completion of this activity, participants should be able to:

1. Describe the genetics and pathologic characteristics of fibrodysplasia ossificans
progressiva (FOP).

2. Apply knowledge of the clinical course of FOP in counseling patients and
families.

3. Describe progressive osseous heteroplasia and its etiology.
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Box 1
A spectrum of human disorders with inactivating GNAS mutations

Several human disorders share the common features of superficial (subcutaneous or

dermal) ossification and association with inactivating mutations in the GNAS gene
locus.91:94.%6

Albright hereditary osteodystrophy (AHO)

A variable constellation of clinical features, including short adult stature, obesity, round
face, brachydactlyly and subcutaneous ossification. Some cases are also associated with
neurobehavioral problems or mental retardation, or both. AHO features are more
frequently associated with maternal inheritance of mutations in GNAS, but can also be
caused by paternal inheritance. The term ‘pseudopseudohypoparathyroidism’ (PPHP) has
been used to describe some patients who have GNAS mutations on the paternally
inherited allele and clinical features of AHO without endocrine abnormalities; these cases
generally occur within family pedigrees that also show PHP1a with maternal inheritance
of GNAS mutations (see below).

Pseudohypopar athyroidism type la (PhPI a)

End-organ resistance to parathyroid hormone and other hormones, including
thyroidstimulating hormone and gonadotrophins. Associated with AHO features,
particularly obesity. Only caused by GNAS mutations on the maternally inherited allele.

Osteoma cutis

Heterotopic ossification that is limited to superficial (subcutaneous) tissues without
hormone resistance or AHO features.

Progr essive osseous heteroplasia (POH)

Heterotopic ossification that initiates in early childhood then progresses within deeper
connective tissues such as skeletal muscle and fascia. Some patients show limited AHO
features, but never signs of obesity. POH is not associated with hormone resistance and
mutations are found almost exclusively on the paternally inherited GNAS allele.
However, in rare cases, extensive POH-like progressive bone formation occurs in
patients with a maternal GNVAS mutation and/or AHO or PHP1a features, indicating a
range in clinical response to GNAS mutations.

POH-AHO and POH-PhP1a

A small number of patients with POH present with multiple features of AHO or hormone
resistance, or both. A maternal or paternal inheritance pattern of GNAS mutations in
these patients is undetermined.
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Figure 1.

Characteristic clinical features of FOP. a | Extensive heterotopic bone formation typical of
FOP seen in a three-dimensional reconstructed CT scan of the back of a 12-year-old child.
Flare-ups of FOP arise and progress in a well-defined spatial pattern, resulting in ribbons,
sheets and plates of bone that fuse the joints of the axial and appendicular skeletons. b |
Anteroposterior radiograph of the feet of a 3-year-old child, showing symmetrical big toe
malformations of metatarsals and proximal phalanges together with microdactyly, fused
interphalangeal joints and hallux valgus deviations at the metatarsophalangeal joints
(circled). Abbreviation: FOP, fibrodysplasia ossificans progressiva. Permission obtained for
Figure 1a,b from Nature Publishing Group © Shore, E. M. et al. Nat. Genet. 38, 525-527
(2006).
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Figure 2.

Generalized schematic representation of the BMP signaling pathway. Type | and type Il
BMP receptors span the cell membrane and bind extracellular BMP ligand. Ligand binding
to BMP heterotetrameric receptor complexes activates signaling through type Il-receptor-
mediated phosphorylation of the type | receptor on the GS domain. Type | receptor
phosphorylation is accompanied by decreased binding to the GS domain of proteins that
prevent receptor signaling in the absence of ligand binding. Activated type | receptors
phosphorylate cytoplasmic signal transduction proteins such as R-SMADs and MAPKs
(including JNK, ERK and p38), which, in turn, directly or indirectly regulate the
transcription of target genes in the nucleus. Abbreviations: BMP, bone morphogenetic
protein; BMPR, bone morphogenetic protein receptor; Co-SMAD, common-mediator
SMAD; ERK, extracellular signal-regulated kinase; GS domain, glycine-serine domain;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; R-SMAD,
receptor-regulated SMAD.
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Schematic histologic representation of the stages of endochondral heterotopic ossification in
FOP. Lesion formation in FOP involves inflammation and the destruction of connective
tissues (phase 1) followed by a replacement phase of new tissue development (phase 2). The

initial histologic evidence of lesion induction is the presence of abundant perivascular

lymphocytes (stage 1A) in connective tissue such as skeletal muscle. Lymphocytes expand
into the tissue (stage 1B) and loss of the connective tissue structure follows (stage 1C). As

the tissue is degraded, it is rapidly replaced by fibroproliferative cells (stage 2A).
Angiogenesis and vascularization occur (stage 2B), followed by chondrogenesis and
osteogenesis (stage 2C) and the formation of heterotopic bone. Abbreviation: FOP,

fibrodysplasia ossificans progressiva.
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Figure 4.

A working model for altered BMP signaling in FOP. The ACVRI mutation that is present in
the vast majority of patients with FOP is an activating mutation that can stimulate signaling,
at least in part in the absence of BMP, but this activity might only be moderately ‘on’ under
basal /n vivo conditions, effectively raising the BMP pathway activation set-point and
reducing the amount of additional activation that is needed to stimulate endochondral
ossification. Triggering events, such as tissue injury and associated changes in the tissue
microenvironment, enhance signaling and overcome the reduced amount of ‘activation
energy’ that is needed to stimulate cartilage and bone cell differentiation; these events might
induce a stronger response of longer duration than is normal, owing to the mechanism of
mutant receptor activation or an impaired negative feedback response, or both. In normal,
non-FOP tissues, the set point is sufficiently low such that the equivalent activation of BMP
signaling does not have sufficient activation energy to overcome the threshold that leads to
cartilage and bone formation, and normal tissue repair occurs, for example, in response to
injury. Abbreviation: ACVRL, activin receptor type-1; BMP, bone morphogenetic protein;
FOP, fibrodysplasia ossificans progressiva.
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Figure5.

Heterotopic ossification in POH. Radiographic appearance of heterotopic ossification.
Lateral serial X-rays of the lower leg of a child, showing progression of heterotopic
ossification from the ages of 18 months a | to 30 months b | to 8 years (c | amputation
specimen). Extensive ossification of the soft tissues of the superficial and deep posterior
compartments of the leg, disuse osteopenia and anterior bowing of the tibia can be seen.
Abbreviation: POH, progressive osseous heteroplasia. Permission obtained from The Journal
of Bone and Joint Surgery, Inc. © Kaplan, F. S. et al. J. Bone Joint Surg. 76, 425-436
(1994).
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Figure6.
Histopathology of a POH lesion. Lower power image (left, magnification x50) shows the

epidermis and dermis. Irregular deposits of bone within the dermal tissue (shown at higher
power on the right, magnification x200) are often observed in proximity to subcutaneous
adipose tissue. Both images were obtained following hematoxylin and eosin staining.
Abbreviation: POH, progressive osseous heteroplasia.
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Figure7.

The GNAS gene locus. GNAS is a complex gene, encoding multiple transcripts that are
expressed from several promoters within the locus. In the figure, exons are depicted by
boxes, with arrows indicating transcriptional activity and direction. The first exons of
Nesp55, XLas, A/Band Gsa splice to a set of common downstream exons (exons 2-13).
The antisense transcript (AS-1) is also indicated. Genomic imprinting differentially marks
the maternally inherited and paternally inherited GAAS alleles by DNA methylation
(indicated by asterisks) in a reciprocal pattern (differentially methylated regions, DMrs).
Methylation is associated with transcriptional silencing.
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