OVEREXPRESSION OF AN OSTEOGENIC MORPHOGEN IN FIBRODYSPLASIA OSSIFICANS PROGRESSIVA

OVEREXPRESSION OF AN OSTEOGENIC MORPHOGEN IN FIBRODYSPLASIA
OSSIFICANS PROGRESSIVA

ADAM B. SHAFRITZ, B.A., EILEEN M. SHORE, PH.D., FRANCIS H. GANNON, M.D., MicHAEL A. ZasLoFF, M.D., PH.D.,
ReBecca Taus, M.D., MaxiviLiaN MUeNKE, M.D., AND FReDERICK S. KapLAN, M.D.

ABSTRACT

Background Fibrodysplasia ossificans progressi-
va is a heritable disorder of connective tissue char-
acterized by congenital malformation of the great
toes and postnatal formation of ectopic bone. Al-
though the disorder was first described more than
300 years ago, the genetic defect and pathophysiol-
ogy remain unknown. Bone morphogenetic proteins
are potent bone-inducing morphogens that partici-
pate in the developmental organization of the skele-
ton, and increased production of one or more of
these proteins has been proposed as the cause of fi-
brodysplasia ossificans progressiva.

Methods We studied lymphoblastoid cell lines
established from peripheral-blood mononuclear
cells of patients with fibrodysplasia ossificans pro-
gressiva and fibroblast-like cell lines derived from
lesional and nonlesional tissue. We used Northern
blot analysis and ribonuclease protection assays
to measure the expression of messenger RNA
(mRNA) of bone morphogenetic proteins 1to 7 and
immunohistochemical analysis to examine protein
expression.

Results Among the bone morphogenetic proteins
and mRNAs examined, only bone morphogenetic
protein 4 and its mMRNA were present in increased
levels in cells derived from an early fibroprolifera-
tive lesion in a patient with fibrodysplasia ossificans
progressiva. Bone morphogenetic protein 4 mRNA
was expressed in lymphoblastoid cell lines from 26
of 32 patients with fibrodysplasia ossificans pro-
gressiva but from only 1 of 12 normal subjects
(P<<0.001). Bone morphogenetic protein 4 and its
mRNA were detected in the lymphoblastoid cell
lines from a man with fibrodysplasia ossificans pro-
gressiva and his three affected children (two girls
and a boy), but not from the children’s unaffected
mother. No other bone morphogenetic proteins
were detected.

Conclusions Overexpression of a potent bone-
inducing morphogen (bone morphogenetic protein
4) in lymphocytes is associated with the disabling
ectopic osteogenesis of fibrodysplasia ossificans
progressiva. (N Engl J Med 1996;335:555-61.)
©1996, Massachusetts Medical Society.

HE human skeleton is a complex organ

system consisting of more than 200 artic-

ulated bones of various shapes and sizes.

During embryogenesis, the skeleton devel-
ops from undifferentiated mesenchyme according to
a genetic plan that controls its precise temporal and
spatial formation. Postnatally, the initiation of os-
teogenesis is normally restricted to the regeneration
of bone at fracture sites. Heterotopic ossification re-
sults from an alteration in the normal regulation of
osteogenesis, leading to ectopic bone formation. Fi-
brodysplasia ossificans progressiva, first described in
1692, is the most extensive disorder of heterotopic
osteogenesis in humans and results in the postnatal
formation of ectopic bone. The genetic defect and
pathophysiology are not known.

Fibrodysplasia ossificans progressiva is an autoso-
mal dominant disorder of connective tissue character-
ized by congenital malformation of the great toes
and progressive, disabling heterotopic osteogenesis in
predictable anatomical patterns.!* Spontaneous or
trauma-induced exacerbations of fibrodysplasia ossifi-
cans progressiva during childhood are characterized
by soft-tissue swelling; localized heat, erythema, and
tenderness; low-grade fever; and an elevated erythro-
cyte sedimentation rate.> Histopathological studies of
pre-osseous lesions (obtained before the diagnosis of
fibrodysplasia ossificans progressiva) reveal lympho-
cytic infiltration and muscle-cell degeneration,® fol-
lowed by the appearance of highly vascular, fibropro-
liferative tissue and then by endochondral ossification
with mature lamellar bone and marrow elements.”

Heterotopic ossification in fibrodysplasia ossifi-
cans progressiva begins in childhood and can be in-
duced by intramuscular injections.® Severe scoliosis
may develop as a result of asymmetric heterotopic
ossification of paravertebral muscles.? By early adult-
hood, heterotopic ossification leads typically to anky-
losis of all major joints of the axial and appendicular
skeleton, rendering movement impossible*s (Fig. 1).
Most patients are confined to a wheelchair by their
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Figure 1. Clinical Appearance and Skeleton of a Man with Fibrodysplasia Ossificans Progressiva.

The rigid posture in this 25-year-old man with fibrodysplasia ossificans progressiva was due to ankylosis of the spine, shoulders,
and elbows. He died of pneumonia at the age of 40 years. Plates and ribbons of ectopic bone contour the skin over the back and
arms (Panel A), and can be seen directly on the skeleton (Panel B). Courtesy of the Miitter Museum, College of Physicians of Phil-

adelphia.

early 20s and require lifelong assistance in perform-
ing activities of daily living.!#* Starvation may result
from ankylosis of the jaw, and pneumonia may occur
as a complication of fixation of the chest wall.> Sur-
gical trauma associated with the resection of hetero-
topic bone leads to the exacerbation of local ossifi-
cation.5 At present, there is no effective means of
prevention or treatment.

Studies to identify the cause of fibrodysplasia ossi-
ficans progressiva are currently focused on the can-
didate-gene approach,!? since karyotypic abnormali-
ties have not been detected in patients with the
disorder? and lesional tissue is not readily available
for study.” Definitive linkage analysis is not possible,
since only three small families with inheritance of fi-
brodysplasia ossificans progressiva have been identi-
fied worldwide,231! and the molecular defect is not

556 - August 22,1996

known. In this article, we provide evidence that a po-
tent bone-inducing morphogen, bone morphoge-
netic protein 4, is overexpressed in the lymphocytes
of patients with fibrodysplasia ossificans progressiva.

METHODS
Patients and Cell Lines

From 1990 to 1995, 62 patients with fibrodysplasia ossificans
progressiva were referred to the Fibrodysplasia Ossificans Progres-
siva Working Group at the University of Pennsylvania. Lym-
phoblastoid cell lines were established from peripheral-blood
mononuclear cells in 32 patients and 12 normal subjects by trans-
formation of the cells by Epstein—Barr virus.!2 The protocols were
approved by the institutional review boards of the Children’s
Hospital of Philadelphia and the University of Pennsylvania, and
informed consent was obtained from all patients or their parents.

Primary cell lines were established from pre-osseous lesional tis-
sue from a 15-year-old boy with fibrodysplasia ossificans progres-
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siva, after resection of a lesion affecting the muscles of mastica-
tion; uninvolved skin and subcutaneous tissue from an 8-year-old
girl with fibrodysplasia ossificans progressiva, removed at the time
of an emergency craniotomy for resection of a craniopharyngioma
(an apparently unrelated condition); skin and subcutaneous tissue
from a normal infant; paraspinal muscle from a normal 4-year-old
girl; and temporalis muscle from three normal children, ages 1, 6,
and 14 years, who had undergone unrelated neurosurgical proce-
dures. The skin fibroblast cells from the normal infant were used
as a negative control, and the U-2 OS osteosarcoma cell line
(American Type Culture Collection) was used as a positive control
for the expression of bone morphogenetic proteins.!3

Cell Culture

Primary cultures of fibroblast-like cells were established in Dul-
becco’s modified Eagle’s medium containing 2.5 ug of amphoter-
icin B (Fungizone) per milliliter, 50 ug of gentamicin per millili-
ter, and 15 percent fetal-calf serum. The U-2 OS osteosarcoma
cells were grown in McCoy’s 5A medium and 2.5 pg of ampho-
tericin B per milliliter, 50 ug of gentamicin per milliliter, and 10
percent fetal-calf serum. Lymphoblastoid cell lines were grown
in RPMI 1640 medium containing 100 units of penicillin per
milliliter, 100 ug of streptomycin per milliliter, 0.25 ug of am-
photericin B per milliliter, and 15 percent fetal-calf serum. All
tissue-culture reagents were obtained from Life Technologies
(Gaithersburg, Md.). The control and fibrodysplasia ossificans pro-
gressiva lymphoblastoid cell lines were coded and run together in
all assays, and the results were read in a blinded fashion.

Preparation of RNA

Total RNA was isolated from lymphoblastoid cell lines and
primary cells in culture by extraction with guanidine isothiocya-
nate and phenol-chloroform—isoamyl alcohol.!* Poly(A)* RNA
was prepared from total cellular RNA with oligo(dT) cellulose
(5Prime-3Prime, Boulder, Colo.).

Complementary DNA Clones

Plasmid clones containing human complementary DNA (cDNA)
inserts from the following genes were used as templates for
labeled-probe synthesis in Northern blot analyses and ribonuclease
protection assays: collagen types I and II, osteocalcin, and alka-
line phosphatase (liver—bone—kidney type) (used to establish the
cell phenotype); c-fos, c-jun, jun B, jun D, and transforming growth
factor B1 (TGF-B1) (genes involved in the early cellular response
and terminal differentiation pathways of chondro-osseous develop-
ment)!516; MSX-2 (a homeobox gene induced during osteogene-
sis)!7; and bone morphogenetic proteins 1 to 7 and growth-differ-
entiation factor 5 (members of the family of bone morphogenetic
proteins).’s The expression of glyceraldehyde-3-phosphate dehy-
drogenase was used as an internal standard.

Northern Blot Analysis

With the use of standard methods,'8 poly(A)* RNAs (4 ug)
from cultured human cells were electrophoresed through 0.8 per-
cent agarose formaldehyde denaturing gels, transferred to nylon
membranes (MagnaGraph, MSI, Westborough, Mass.), and pre-
hybridized with 5X saline sodium citrate (SSC; 1 X SSC is 0.15
M sodium chloride and 0.015 M sodium citrate per liter), 50 per-
cent formamide, 6X Denhardt’s solution (1X Denhardt’s solu-
tion is 0.02 percent Ficoll, 0.02 percent polyvinylpyrrolidone,
and 0.02 percent bovine serum albumin), 300 mg of denatured
salmon-sperm DNA per milliliter of solution, and 0.1 percent so-
dium dodecyl sulfate at 42°C. Probe ¢cDNAs were labeled with
[a-32P]deoxycytidine triphosphate by random-primer extension.
Membranes were hybridized with 2X10¢ cpm of probe per milli-
liter in 50 percent formamide, 5X SSC, 3X Denhardt’s solution,
150 mg of denatured salmon-sperm DNA per milliliter, and 0.1
percent sodium dodecyl sulfate. The blots were washed under
conditions designed to remove nonspecific hybridization and were

then subjected to autoradiography. To remove labeled cDNA for
reprobing, the hybridized blots were incubated in 60 percent for-
mamide, 50 mM TRIS-hydrochloric acid (pH 8.0), and 1 per-
cent sodium dodecyl sulfate for one hour at 75°C.

Ribonuclease Protection Assays

Antisense RNA probes were synthesized by in vitro transcrip-
tion (MAXIscript, Ambion, Austin, Tex.), and full-length tran-
scripts were purified from a 5 percent acrylamide, 8 M urea gel
with 0.5 M ammonium acetate, ] mM EDTA, and 0.1 percent
sodium dodecyl sulfate. For each ribonuclease protection assay,
150,000 cpm of [32P]-labeled antisense RNA was used according
to recommended protocols (RPA II, Ambion). The samples were
denatured and electrophoresed through a 5 percent acrylamide,
8 M urea gel. The dried gel was subjected to autoradiography and
then exposed to a phosphor screen. Messenger RNAs (mRNAs)
were quantitated with either a Computing densitometer (model
300A, Molecular Dynamics, Sunnyvale, Calif.) or a PhosphorIm-
ager (Molecular Dynamics).

Immunohistochemical Analysis

Lymphoblastoid cells from 10 patients with fibrodysplasia os-
sificans progressiva and 10 normal subjects were applied to un-
coated glass slides. The cells were stained according to standard
immunoperoxidase protocols with antibody against bone mor-
phogenetic proteins 2 and 4 (1:3000 dilution), counterstained
with Wright’s stain, and examined under light microscopy. Slides
of an osteosarcoma (positive control) and liver tissue (negative
control) were stained simultaneously (data not shown).

RESULTS

Pattern of mRNA Expression in Cells from a Fibrodysplasia
Ossificans Progressiva Lesion

The expression of mRNAs of genes related to
bone and cartilage development in pre-osseous le-
sional tissue from a patient with fibrodysplasia ossif-
icans progressiva was evaluated by Northern blot
analysis. The lesional cells were morphologically sim-
ilar to skin fibroblasts. The pattern of gene expres-
sion of the two types of cells was similar, with the
exception of mRNA of bone morphogenetic protein
4, which was detected in the lesional cells from a pa-
tient with fibrodysplasia ossificans progressiva but
not in skin fibroblasts from normal subjects or the
patient (Table 1). Bone morphogenetic protein 4
was the only TGF-B-like bone morphogenetic pro-
tein expressed in the early lesional cells. There was
no detectable expression of bone morphogenetic
protein 2, 3, 5, 6, or 7; collagen type 1I; osteocalcin;
or MSX-2 in either lesional cells or normal skin fi-
broblasts (Table 1). Type I collagen mRNA was ex-
pressed at higher levels by skin fibroblasts than by
lesional cells from patients with fibrodysplasia ossifi-
cans progressiva. The levels of expression of alkaline
phosphatase, c-fos, c-jun, jun B, jun D, TGF-B1, and
growth-differentiation factor 5 were similar in le-
sional cells and normal skin fibroblasts.

Expression of Bone Morphogenetic Protein mRNA
in Nonlesional and Lesional Cell Lines from Patients
with Fibrodysplasia Ossificans Progressiva

RNAs from cell lines established from lesional and
nonlesional sites from patients with fibrodysplasia os-
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sificans progressiva and from the same sites in normal
subjects matched for age and sex were evaluated for
the expression of bone morphogenetic proteins 1 to
7 by ribonuclease protection assays (Fig. 2). Bone
morphogenetic protein 1 mRNA was expressed in all
cell lines examined, although the level of expression
varied. Bone morphogenetic protein 2 mRNA, which
was not detected by Northern blot analysis (Table
1), was expressed at very low levels in all the cell lines
(data not shown). The expression of bone morpho-
genetic protein 4 mRNA was barely detectable in
nonlesional cells from a patient with fibrodysplasia
ossificans progressiva (Fig. 2, lane 3) and in normal
skin fibroblasts (Fig. 2, lane 4). All the muscle-cell
lines (Fig. 2, lanes 5, 6, 7, and 8) from normal
subjects expressed bone morphogenetic protein 4
mRNA, but the highest level of expression was in the
cell line from early lesional tissue from a patient with
fibrodysplasia ossificans progressiva (Fig. 2, lane 2);
in this cell line the level of expression was approxi-
mately 12 times greater than in cell lines derived
from normal muscle or fascia.

TABLE 1. EXPRESSION OF mRNA OF GENES RELATED TO BONE
AND CARTILAGE DEVELOPMENT.*

SKIN LESIONAL CELLS FROM A
FIBROBLASTS PATIENT WITH FIBRO- U-2 0S
FROM A NORMAL DYSPLASIA OSSIFICANS OSTEOSARCOMA

mRNA INFANT PROGRESSIVA CeLLs
Collagen type I +++ ++ +
Collagen type II - - +/—=
Alkaline phos- + + +
phatase
Osteocalcin - - -
c-fos + + ++
c-jun ++ ++ ++
jun B ++ ++ ++
Jun D +/— +/— +/—
MSX-2 - - -
TGE-81 ++ ++ ++
Bone morphoge-
netic protein
1 ++ + +
2 - - ++
3 - - +/—
4 - + ++
5 - - +
6 - - +
7 - - ++
Growth-differentia- - - +
tion factor 5
Glyceraldehyde-3- ++++ ++++ ++++

phosphate de-
hydrogenase

*The ++++ symbol indicates an intense signal after 2 hours of expo-
sure of a hybridized Northern blot to x-ray film (see the Methods section);
+++ indicates an intense signal after 12 hours of exposure; ++ indicates
a strong signal within 24 hours; + indicates a signal that was casily seen
within a 3-day period; and +/— indicates a faint signal at 7 days. The
— symbol indicates that no signal was detected after seven days of exposure
at —70°C with two intensifier screens.
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Bone morphogenetic
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Figure 2. Expression of mMRNA of Bone Morphogenetic Protein 4.

Total RNA was analyzed for mRNA of bone morphogenetic pro-
teins 4 and 1 by a ribonuclease protection assay with the
probes indicated to the left of each row. The expression of glyc-
eraldehyde-3-phosphate dehydrogenase mRNA served as an
internal standard. RNA samples were prepared from U-2 OS
osteosarcoma cells (positive control) (lane 1); pre-osseous le-
sional cells from a patient with fibrodysplasia ossificans pro-
gressiva (lane 2); skin and subcutaneous cells from another pa-
tient with fibrodysplasia ossificans progressiva (lane 3); skin
and subcutaneous tissue from a normal subject (lane 4); tem-
poralis muscle, tendon, and fascia from normal subjects who
were 14 years old (lane 5), 6 years old (lane 6), and 1 year old
(lane 7); and cervical paraspinal muscle, tendon, and fascia
from a normal 4-year-old subject (lane 8).

Expression of Bone Morphogenetic Protein mRNA
in Lymphoblastoid Cell Lines from Patients
with Fibrodysplasia Ossificans Progressiva

In order to determine whether dysregulation of
the expression of the bone morphogenetic protein 4
gene was a generalized feature of fibrodysplasia ossi-
ficans progressiva, RNAs isolated from lymphoblas-
toid cell lines from 32 patients with fibrodysplasia
ossificans progressiva and 12 normal subjects were
examined for the expression of mRNAs of bone mor-
phogenetic proteins 1 to 7 by a ribonuclease protec-
tion assay. Only the expression of bone morphogenet-
ic protein 4 mRNA differed between lymphoblastoid
cell lines derived from patients with fibrodysplasia
ossificans progressiva and normal subjects (Fig. 3).
Lymphoblastoid cell lines from 26 of the 32 patients
with fibrodysplasia ossificans progressiva expressed
bone morphogenetic protein 4 mRNA, as compared
with only 1 of 12 normal subjects (P<<0.001). No
other bone morphogenetic proteins were expressed by
either group of cells. There was no apparent correla-
tion between age, sex, or severity of disease activity
and the presence or magnitude of expression of bone
morphogenetic protein 4 mRNA.

In order to study the expression of bone morpho-
genetic protein 4 mRNA in lymphoblastoid cell lines
derived from a kindred with fibrodysplasia ossificans
progressiva, a family with genetic transmission of the
disorder from parent to offspring? was evaluated by a
ribonuclease protection assay. Bone morphogenetic
protein 4 mRNA was detected in cells derived from
all four family members with fibrodysplasia ossificans
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progressiva — the father, two daughters, and a son —
but not in cells from the unaffected mother (Fig. 4).

Immunohistochemical Evaluation of Bone Morphogenetic
Protein 4 in Lymphoblastoid Cell Lines

Immunohistochemical analysis of cultured cells
was used to determine whether bone morphogenet-
ic protein 4 was present in lymphoblastoid cell lines
from patients with fibrodysplasia ossificans progres-
siva and normal subjects. The antibody we used rec-
ognizes bone morphogenetic proteins 2 and 4, but
because bone morphogenetic protein 2 mRNA was
not detected in these cells, antibody binding indicat-
ed the presence of bone morphogenetic protein 4.
This protein was detected in the lymphoblastoid cells
from 10 patients with fibrodysplasia ossificans pro-
gressiva but not in 10 normal subjects (Fig. 5).

DISCUSSION

The bone morphogenetic proteins, a family of
potent osteogenic agents in the TGF-B superfamily
of peptides, induce endochondral osteogenesis and
fracture healing.13.15.19-28 These substances act by dif-
fusion in a concentration-dependent manner to spec-
ify the fate of cells in embryogenesis and bone re-
generation.!5:27-30 Bone morphogenetic proteins are
unique in their ability to induce the complete cellu-
lar program of endochondral osteogenesis at hetero-
topic sites in vivo.131531.32 Qur study provides evi-
dence that overexpression of a bone morphogenetic
protein is associated with a disabling disorder of os-
teogenesis in humans.

We previously proposed that overexpression of a
bone morphogenetic protein gene may be involved
in the gain of function leading to heterotopic os-
sification in patients with fibrodysplasia ossificans
progressiva.l? The results of this study suggest a
mechanism to explain the pathophysiology of het-
erotopic bone formation in this disorder. Since the
half-life of bone morphogenetic protein is extremely
brief (only a few minutes), it is unlikely that osteo-
genesis-inducing concentrations of bone morphoge-
netic protein 4 could be achieved at sites of osteo-
genesis unless the morphogen is delivered to those
sites by circulating cells or manufactured at those
sites by mesenchymal cells. As evidence, Chinese-
hamster-ovary cells transfected with bone morpho-
genetic protein 4 and implanted at soft-tissue sites
in mice induce ectopic ossification at the sites of im-
plantation but not at remote locations.?!-32

We propose that lymphocytes capable of express-
ing bone morphogenetic protein 4 circulate in the
peripheral blood of patients with fibrodysplasia os-
sificans progressiva and are recruited to connective
tissue after soft-tissue injury.333* Type IV collagen,
a primary constituent of the basement membrane
of endothelial cells and muscle cells, avidly binds
bone morphogenetic protein 4,35 resulting in in-

3456789
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Figure 3. Expression of Bone Morphogenetic Protein 4 mRNA

in Immortalized Lymphoblastoid Cell Lines from Patients with
Fibrodysplasia Ossificans Progressiva and Normal Subjects.

RNAs from lymphoblastoid cell lines were analyzed for the
expression of mMRNA of bone morphogenetic protein 4 by a ri-
bonuclease protection assay. The expression of glyceralde-
hyde-3-phosphate dehydrogenase mRNA served as an internal
standard. Lanes 1, 3, 4, 5, and 6 show RNA from patients with
fibrodysplasia ossificans progressiva; lanes 2, 7, 8, and 9 show
RNA from normal subjects. The samples from patients with
fibrodysplasia ossificans progressiva are representative of the
range of detectable bone morphogenetic protein 4 mRNA.
Quantitation by densitometry (with correction for film back-
ground levels and glyceraldehyde-3-phosphate dehydrogenase
levels) yielded values of zero for samples negative for bone
morphogenetic protein 4 (11 of 12 normal subjects and 6 of 32
patients with fibrodysplasia ossificans progressiva). The one
normal subject scored as positive for bone morphogenetic pro-
tein 4 mRNA had a value equal to the lowest positive value
measured for any patient with fibrodysplasia ossificans pro-
gressiva. The range of expression of bone morphogenetic pro-
tein 4 mRNA in the patients varied by a factor of about 20 from
the weakest positive signal (lane 3) to the strongest positive

signal (lane 6).
1 2

3 4 5
1 2 3 4 5
Bone morphogenetic protein 4 I . . . .
Glyceraldehyde-3-phosphate

dehydrogenase . . . . .
Figure 4. Expression of Bone Morphogenetic Protein 4 mRNA
in a Family with Fibrodysplasia Ossificans Progressiva.
The pedigree of a family with genetic transmission of fibro-
dysplasia ossificans progressiva from parent to offspring is
shown. Circles denote female family members, squares male
family members, and solid symbols affected family members.
The father, both daughters, and the son all have fibrodysplasia
ossificans progressiva. The mother is unaffected. RNA from
lymphoblastoid cell lines established from each subject was
examined for bone morphogenetic protein 4 mRNA by a ribo-
nuclease protection assay. The unaffected mother’s lympho-
blastoid cells did not express bone morphogenetic protein 4
mRNA, whereas lymphoblastoid cells from the father and all
three children did express it. The expression of glyceraldehyde-

3-phosphate dehydrogenase mRNA served as an internal stand-
ard for the amount of RNA in each lane.

creased local concentrations. At high concentra-
tions, bone morphogenetic protein 4 acts as a mor-
phogen!3.15.19.36 capable of up-regulating its own
mesenchymal expression?? and leading to the devel-
opment of pre-osseous fibroproliferative lesions.!3
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Figure 5. Expression of Bone Morphogenetic Protein in Cells
from a Patient with Fibrodysplasia Ossificans Progressiva (Pan-
el A) and a Normal Subject (Panel B) (X1250).

The cells were stained with an antibody that detects bone mor-
phogenetic proteins 2 and 4. A positive immunoperoxidase re-
action product (brown staining) is seen only in the cytoplasm
of lymphoblastoid cells from the patient. Cell nuclei stain blue
with the counterstain (Wright's stain).

The appearance of lymphocytes in the perivascular
space of the earliest detectable lesion of fibrodyspla-
sia ossificans progressivaé provides support to the
view that lymphocytes and perivascular cells are in-
volved in the induction of osteogenesis.?”-38

The stringent temporal and spatial patterns of
postnatal heterotopic ossification in patients with fi-
brodysplasia ossificans progressiva are reminiscent of
the patterns of mesenchymal-cell condensation dur-
ing skeletal embryogenesis and suggest a common
molecular basis for prenatal and postnatal osteogen-
esis.1:+5%15 In humans postnatal osteogenesis occurs
most commonly during healing of fractures. The
creation of callus at a fracture site and heterotopic
bone formation in fibrodysplasia ossificans progres-
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siva follow nearly identical endochondral pathways’
involving lymphocytest37 and increases in the level
of bone morphogenetic protein 4.25.26

Dysregulation of bone morphogenetic protein dur-
ing skeletal embryogenesis provides a tantalizing
model for skeletal malformations in neonates with
fibrodysplasia ossificans progressiva.’ In mice, natu-
rally occurring mutations of bone morphogenetic
protein genes result in congenital abnormalities of
the skeleton and in postnatal abnormalities in frac-
ture repair.!5:23.2¢ Homozygous deletions of bone
morphogenetic protein 5 result in dysmorphology of
the axial skeleton and in abnormal fracture repair in
short ear mice.2> Homozygous mutations of growth-
differentiation factor 5 result in dysmorphology of
the appendicular skeleton in brachypodism mice.2* Fi-
brodysplasia ossificans progressiva in humans appears
to be the only known example of a naturally occur-
ring genetic disorder of osteogenesis that is associat-
ed with overexpression of a bone morphogenetic
protein.

Our model raises many questions about lympho-
cytes, inflammation, tissue repair, and osteogenesis.
What is the role of lymphocytes in osteogenic in-
duction, bone development, fracture repair, and
nongenetic forms of heterotopic osteogenesis? Do
lymphocytes normally produce bone morphogenetic
proteins? Is the overexpression of bone morphoge-
netic protein 4 a primary or secondary abnormality?
Do the lymphocytes of patients with fibrodysplasia
ossificans progressiva transport bone morphogenetic
protein 4 to the site of osteogenic induction, or is
the expression of bone morphogenetic protein 4 up-
regulated locally at the site of osteogenesis?

The cause of lymphocytic activation in patients
with fibrodysplasia ossificans progressiva is not
known. Lymphoblastoid cell lines immortalized with
Epstein—Barr virus can induce the transcription of
genes that are not normally expressed in lympho-
cytes in vivo.3® Therefore, induction of the expres-
sion of bone morphogenetic protein 4 in lympho-
blastoid cell lines from patients with fibrodysplasia
ossificans progressiva could be the result of transfor-
mation by the Epstein—Barr virus or other cell-cul-
ture conditions. However, bone morphogenetic pro-
tein 4 was not overexpressed in identically treated
lymphoblastoid cell lines from normal subjects, indi-
cating a clear genetic difference between cells affect-
ed by fibrodysplasia ossificans progressiva and nor-
mal cells. The possibility of lymphocyte-mediated
induction of heterotopic osteogenesis has broad im-
plications for the study of hematopoiesis and skeletal
biology.
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