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Abstract

Animal models of fibrodysplasia ossificans progressiva (FOP) are important for understanding the patho-
physiology of FOP and for testing possible therapies. Laboratory-generated genetic animal models, each with
features of FOP, provide the opportunity to better understand the biology of FOP, and to study the effective-
ness and safety of currently available and emerging therapies.
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The Importance of Animal Models for
Fibrodysplasia Ossificans Progressiva

The emergence of relevant animal models for
fibrodysplasia ossificans progressiva (FOP) is criti-
cal for the development of definitive treatments (/,2)
(Table 1). A sporadic FOP-like condition was
described in domestic housecats, but no known liv-
ing animals have been available for further study (3).
The first animal model that provided a clue to the
cause of FOP was recognized in the decapentaplegic
(dpp) mutants of Drosophila, an invertebrate, and
predicted the role of bone morphogenic protein
(BMP)-signaling in the pathophysiology of FOP (4).
Studies in c-Fos embryonic stem cell chimeric mice
demonstrated progressive heterotopic ossification
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(HO) in FOP-like patterns, and suggested an interac-
tion between proto-oncogenes and the BMP-signaling
pathway in the molecular pathophysiology of
FOP-like lesions (5,6). The homozygous knockout
of the genes encoding Noggin (a secreted BMP
antagonist) and BMP receptor IB (BMPRIB; a type I
BMP receptor) in mice elucidated the importance of
the BMP signaling pathway in joint morphogenesis,
a finding relevant to the joint malformations in FOP
(7-9). The BMP4—Matrigel implant model provided
a reproducible experimental system for studying the
pathology and prevention of FOP-like lesion forma-
tion (/0). Transgenic mice that overexpress BMP4
under the control of the neuron-specific enolase
(Nse) promoter develop progressive HO, but lack
the anatomic specificity seen in the human disease
(11). The achievement of a genuine animal model for
FOP may have to await the discovery of the gene
responsible for FOP.

Despite their limitations, the two most useful ani-
mal models for the induction of FOP-like lesions are
the recombinant BMP4—Matrigel implant system
and the Nse-BMP4 transgenic mouse (/0,11). Each
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Table 1

Kaplan et al.

Comparative Clinical and Pathogenetic Features of Fibrodysplasia Ossificans Progressiva

and Several Relevant Animal Models

FOP-like c-Fos BMP4- Nse—-BMP4

Clinical or features in ~ embryonic Matrigel transgenic
pathogenetic domestic stem cell Noggin implant animal
feature FOP house cat chimera knockout model model
Naturally

occurring Yes Yes No No No No
Transgenic

animal model No No No No No Yes
Genetic knockout No No No Yes No No
Stem cell chimera No No Yes No No No
Pathophysiology Increased Homozygous Neuron-specific

of heterotopic embryonic deletion of BMP4- overexpression

ossification Unknown Unknown expression Noggin gene induced of BMP4

of Fos

General

appearance at

birth Healthy Healthy Healthy Lethal Healthy Healthy

Yes; other

Great toe digital and joint

malformation Yes No No anomalies No No
Congenital

heterotopic

ossification No Yes No Yes No No
Postnatal

heterotopic

ossification Yes Yes Yes Unknown Yes Yes
Progressive

heterotopic

ossification Yes Yes Yes Unknown No Yes
Progression

according to

anatomic patterns Generally

seen in FOP Yes Yes Yes Unknown No opposite
Progressive

chest wall Present

disease Yes Yes Yes at birth No Yes

(table continues)

of these in vivo model systems reproduce all of the
histological stages of FOP lesion formation (/,12).
Each of these models has been used to study the
early histological events associated with BMP-
induced HO and to test the effects of BMP antago-
nists, such as Noggin, in inhibiting the formation of
FOP-like lesions (/,12). The BMP4-Matrigel
implant model and the Nse—-BMP4 transgenic mouse
are useful in vivo model systems to assess currently
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available treatments for FOP and to help understand
the pathophysiology of progressive HO until a better
animal model can be developed based on the precise
gene mutation causing FOP.

FOP: A Clue From the Fly

BMPs were first described by Marshall Urist in
1965 as a fraction of bone matrix capable of inducing

Volume 3, 2005



Animal Models of FOP 231
Table 1
(continued)
FOP-like c-Fos BMP4- Nse-BMP4
Clinical or features in ~ embryonic Matrigel transgenic
pathogenetic domestic stem cell Noggin implant animal
feature FOP house cat chimera knockout model model
Progressive
restriction of Joints do
joint movement Yes Yes Yes not form No Yes
Exacerbation by
trauma Yes Unknown No Unknown No Unknown
Muscles spared Diaphragm,
from disease extra-ocular
process cardiac and Same as Same as Same as Not Same as
smooth FOP FOP FOP applicable FOP
Orthotopic fusions
of cervical spine Yes No No Yes No No
Proximal
medial tibial
osteochondromas Yes No No Yes No No
Hearing
impairment/
conductive
hearing loss Yes Unknown Unknown Unknown No Unknown
Lymphocyte
infiltrate in
skeletal muscles Yes Yes Yes Yes Yes Yes
Fibroproliferative
angiogenic
lesions Yes Yes Yes Yes Yes Yes
Endochondral
ossification Yes Yes Yes Yes Yes Yes
BMP pathway
abnormalities Yes Yes Yes Yes Yes Yes

ossification following implantation at a hetero-
topic site (/3). After the murine and human BMP
genes were cloned and recombinant proteins
expressed, it became clear that recombinant BMPs
could induce the entire cascade of endochondral
bone formation at a heterotopic site (/4).
Furthermore, the protein-coding regions of BMP2
and BMP4 were strikingly similar to the protein-
coding region of the dipteran gene dpp (4).
Pleiotropic mutations of the dpp locus led to distur-
bances in the body plan of Drosophila that were sim-
ilar in scope and pattern to those seen in patients
with FOP (4). A remarkable conservation of a pro-
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tein sequence across so large an evolutionary dis-
tance (that between humans and flies) suggested that
the BMP2 and BMP4 genes in humans and the dpp
gene in Drosophila are likely derived from a com-
mon ancestral gene. The developmental similarities
between the mutant dpp phenotypes in the fly and
FOP in humans suggested a useful model for
understanding FOP. The model was especially
fruitful in suggesting a molecular basis for FOP,
and provided the insight that linked bone formation
with pattern abnormalities before vertebrate animal
models were available to study the BMP signaling
pathway (4).
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A FOP-Like Condition in the Cat

A FOP-like condition has been described in
domestic housecats, and six sporadic cases have
been reported (3). The disease occurs in male and
female cats, and is seen in both the domestic short-
hair and domestic long-hair cats. Affected cats
ranged from 10 mo to 6 yr of age. Unlike FOP in
humans, affected cats do not have congenital mal-
formations of the distal limbs. Radiographic exami-
nation revealed multiple areas of HO within affected
muscles. Intense perivascular lymphocytic infiltra-
tion was noted at the advancing edge of fibroprolif-
erative lesions and was similar to that seen in FOP
lesions in humans. In the feline lesions, there was a
marked proliferation of connective tissue, followed
by cartilage and bone formation within epimysium,
tendons, and fasciae similar to the early appearance
of FOP in man. The clinical course of the feline dis-
ease was rapid, with the development of severe dis-
ability occurring within weeks to months. The
FOP-like disease in the cat closely mimics FOP in
humans and may serve as a natural animal model for
this disorder (3,/2). Unfortunately, all evaluations
performed to date have been postmortem studies on
pet cats, and no live animals are currently available
for study.

A FOP-Like Condition in c-Fos
Stem Cell Chimeric Mice

Murine embryonic overexpression of the c-Fos
proto-oncogene leads to early progressive, postnatal
heterotopic chondrogenesis and osteogenesis with
phenotypic features similar to those seen in children
who have FOP (5,6). The overexpression of c-Fos in
embryonic stem cell chimeras leads to progressive
heterotopic endochondral osteogenesis at least, in
part, through a BMP4-signaling pathway. In con-
trast, early FOP lesions express abundant BMP4
without abundant expression of c-Fos messenger
RNA, suggesting that the primary molecular defect
in FOP may be independent of the sustained
c-Fos effects on chondrogenesis and osteogenesis.
Comparisons of the clinical, molecular, and patho-
genetic features of the c-Fos embryonic stem cell
chimeras with those of FOP provide insight into the
earliest events in the molecular pathogenesis of
genetically induced heterotopic chondrogenesis and
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osteogenesis. The relevance of the c-Fos embryonic
stem cell chimera to the study of FOP demonstrates
the power of using embryonic stem cell technology
to generate gain-of-function mutations in the study
of FOP. It also illustrates the potential interaction
between proto-oncogenes and BMPs in the patho-
physiology of progressive HO (5,6).

FOP-Like Features in Noggin
Knockout Mice and in BMPRIB
Knockout Mice

BMP4, a potent skeletal morphogen, is overex-
pressed in the cells of patients who have FOP (15,16).
Additionally, Noggin, a secreted protein that functions
as a high-affinity antagonist of BMP4 and several
other BMPs, is underexpressed in the cells of patients
who have FOP (/7). Noggin acts by binding BMPs
and preventing the interaction of BMPs with their
serine—threonine kinase transmembrane receptors
(18). During vertebrate development, Noggin expres-
sion and secretion is triggered by BMP signaling,
and acts to define the boundaries of BMP-induced
structures. As part of a negative feedback control
system, BMPs regulate the expression of Noggin (/7).
Homozygous deletion of the Noggin gene in mice is
lethal soon after birth owing to multiple congenital
skeletal defects. The skeletons of Noggin knockout
mice have multiple synostoses, ankylosis of the chest
wall, and fail to form joints throughout the body. In
mice lacking Noggin, cartilage condensations formed
normally, but initiation of joint development failed to
occur (9).

Interestingly, homozygous deletions of the
BMPRIB gene leads to essentially normal mice,
except for the presence of digital malformations
similar to those seen in patients with FOP and
brachydactyly type A2 (7,8). These findings from
the Noggin knockout mice and the BMPRIB
knockout mice demonstrate the importance of
BMP signaling, not only in HO, but also in joint
morphogenesis.

BMP4-Matrigel Implant Model

The BMP4—Matrigel implant model reproduces
all of the stages of HO observed during lesion for-
mation in patients who have FOP (/0). Although the
BMP4-Matrigel implant animal model lacks the
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specificity of progressive HO, it permits the study of
the various histological stages of lesion development,
the study of tissue-specific target cells responsible for
FOP-like lesions, and provides a test platform for
drug development (10).

A FOP-Like Phenotype in Nse-BMP4
Transgenic Mice

Transgenic mice overexpressing BMP4 under the
control of the Nse promoter develop a FOP-like
phenotype and provide an important new model sys-
tem for studying the pathophysiology of progressive
HO (11).

Heterotopic bone formation in the transgenic ani-
mals follows the same endochondral ossification path-
way seen in the BMP4—Matrigel implant model and in
patients who have FOP. HO in Nse—-BMP4 transgenic
mice begins subcutaneously in the connective soft-
tissue structures, rather than in deep skeletal muscle,
and is similar to the early FOP involvement of the
fascia, tendons, and aponeuroses. Heterotopic bone
formation in the transgenic animals is progressive.
However, the patterns of disease progression are
different from those seen in FOP. Interestingly,
the Nse—-BMP4 transgenic mice fail to form hetero-
topic bone in the diaphragm, tongue, or extraocular
muscles—muscles that are also spared in FOP.
Nse-BMP4 transgenic mice lack the great toe
and other joint malformations seen in patients with
FOP patients. The lack of joint malformations
in the Nse-BMP4 transgenic mice might be the result
of the late embryonic transgenic expression of
BMP4 at a time following the establishment of the
cartilaginous anlage.

When the Nse-BMP4 transgenic mice were mated
with Nse—Noggin transgenic animals, the progressive
HO was prevented, thus confirming the role of the
BMP4 signaling pathway in the pathogenesis of the
progressive HO in these animals. The Nse-BMP4
transgenic animal model provides important insight
into the pathogenesis of FOP-like lesions and pro-
vides an in vivo model for testing medications that
might slow the progression of HO (/1).

Summary

Animal models have illuminated the role of the
BMP4 signaling pathway in pattern formation and

Clinical Reviews in Bone and Mineral Metabolism

233

in HO, and have provided in vivo model systems
for testing drugs that may inhibit BMP4-induced
HO. Each animal model has its potentials and
limitations for understanding the developmental
biology of FOP and for studying the evolution of
postnatal HO. The eventual identification of the
FOP gene will hasten the development of a true
animal model of FOP.
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