THE TWELFTH ANNUAL REPORT

he mystery and misery of FOP are inextricably linked with the mission to solve

and cure it. The goal of FOP research is to discover the molecular and genetic

cause of FOP, and to use that knowledge to design effective preventions, treat

ments, and eventually a cure. We continue to make great progress in achieving those goals.
Important advances in FOP research during 2002 included:

Jack Sholund,
of Big Fork,
Minnesota,
drew this an-
tigue micro-
scope for the
2003 FOP T-
shirts. Although
a precursor to
the technical
marvels used in
our FOP lab, it
is symbolic of
the distance
FOP research
has come.
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1.

The discovery of abnormal BMP recep
tor biology in FOP cells.

The use of microarray technology to
explore the simultaneous expression
profile of thousands of genes in FOP

cells vs. control cells.

The use of molecular cell lineage trac
ing experiments to determine the ori
gins of some of the cells that participate
in heterotopic ossification.

The development of new model systems

of heterotopic ossification.

The recognition that the anti-angiogenic
effects of cox-2 inhibitors and the
newer aminobisphosphonates may pro
vide a rationale for their use in FOP

clinical trials.

The refinement of delivery vectors for
noggin gene therapy in preclinical ani

mal testing.

n this year's Annual Report, we will dis
cuss the progress in the war against
FOP. We will describe discoveries in the
laboratory and in the clinic as well as broad
outlines of our research plans for this coming
year. In addition, we will provide background
where necessary to help elucidate how this
work fits into the broader picture of developing
effective preventions, treatments, and eventu
ally a cure.

While the mission of FOP research is clear,
the research discoveries are not ends in them
selves, but mileposts along a journey that will
ultimately end with a cure for FOP. Much of
the work that we reported to you last April in
the Eleventh Annual Report continues to



evolve. times they leap forward with a tinues to move forward and such

Many of these projects are verve that leaves everyone approaches to inhibiting the
technically complex, and will speechless. There is rarely, if overactive BMP4 pathway in FOP
take several years to complete. ever, any advanced sign for cells provide great hope for the
In some projects, valuable infor - such discovery. It happens, as future. A detailed scientific
mation emerges regularly and any child trying to solve a puz - paper describing this work has
can be transmitted to you incre - zle will recognize, with an imme - been submitted for peer-review
mentally as it is verified and diate sense that something new and publication.
reviewed by our peers. In other is happening — that pieces that This year’s featured break -
projects, useful information previously seemed discordant through is in the field of molecu -
emerges unexpectedly and begin to fit together in a com - lar signaling and is highlighted
serendipitously, and we are pletely new way. Such was the because it will help guide us to
always excited about those clari - case this past year when we dis - the point of engineering the most
fying insights as anyone covered that a particular type of effective therapy for the treat -
involved in medical research can cell from skeletal muscle was ment of FOP. Eventual treat -
attest. caught in the act of becoming a ments for FOP will be only as

The process of scientific bone cell; but more on that good as the basic knowledge
inquiry is a universally accepted later. supports, and that knowledge
standard and among the most Last year, we featured the comes from a fundamental
structured of all human endeav - proof-of-concept that a geneti - understanding of the abnormal
ors. Yet, the scientific discover - cally engineered form of the activities of the FOP cells, their
ies that arise from these highly noggin protein can, through a triggers, and their respective sig -
structured projects are often gene therapy approach, success - naling pathways.
surprising and unexpected. Sci- fully prevent bone morphogenet - We know that some FOP cells
entific discoveries rarely, if ever, ic protein 4 (BMP4) - induced produce too much BMP4, and
move at a predictable pace. At heterotopic ossification in a not enough of the BMP4 antago -
times they creep forward, and at mouse model. That work con - nists, noggin and gremlin. As we
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same region of cell signaling - to

the BMP receptors and their
associated molecules (essentially
the driver of the car) - which
sense, monitor, and regulate the
levels of BMP4 in the environ -
ment of the cell.

In 2002, we confirmed that
FOP cells have an over-abun -
dance of one of the BMP4 recep -
tor proteins on the cell surface,
and that these proteins which
should properly regulate the
concentration of BMP4 are stuck
in the on-position. We are now
investigating how this occurs,
and how the over-abundance
and over-activity of this receptor
may alter cell function to lead to
bone formation. But, more too,
on those exciting discoveries
later.

This year’s Annual Report
will be divided into nine major
sections that most clearly organ -
ize the vast amount of work and
activity in the FOP core and col -
laborative laboratories. These
sections are:

l. Genes
Il.  Pathways
1. Cells
V. Models
V. Triggers
VI. Treatments
VII. Presentations,
Meetings, Reports,
and Publications

Molecular Pathway Signaling Expert, Dr. Chen, from VIl Your FOP Laboratory
Memorial Sloan-Kettering Hospital, New York, visits the lab IX. Acknowledgements

with Drs. Shore and Kaplan. Once again, we hope that you

will find this year’s annual report
interesting, engaging, and hope -

have said before, it is as if the found way are molecularly inca - ful. That i the attitude with
gas pedal gets stuck at full throt - pable of regulating the concen - h h h thi K
tle and the emergency brakes fail tration of BMP4 is in their which we approach this wor
to engage. We have learned this immediate environment. Itis as every day.

past year that FOP cells also if the driver of the car doesn't

have an intrinsic inability to know how far to depress the gas

properly sense, monitor, and reg - pedal to make the car move

ulate the concentration of BMP4 ahead appropriately and safely.

in their environment. It is not A casual reader may ask why

just that FOP cells make too this is such an important dis -

much BMP4 or too little of the covery. The reason it is so

BMP4 antagonists (such as nog - important is that it points from

gin and gremlin), but that FOP two different directions to the

cells in a very simple and pro -



FOP gene. These developments each possessed unique genetic

were the unexpected discovery of characteristics that helped us to
two additional multigenerational decipher clues about the chro -
families — one from the United mosomal location of the FOP
Kingdom (thanks to the work of gene. The utility of these studies
our valued colleagues and col - in further narrowing of the posi -
laborators, Dr. Roger Smith & tion of the FOP gene is impor -
Dr. James Triffitt of Oxford tant, and new genomic mapping
Multigenerational Univer-sity) and the other from data are being thoroughly ana -
Families & FOP Gene the United States. Each of the lyzed. The analysis has suggest -
Localization Studies families have been contacted. ed small regions on several chro -
For one of the families, all rele - mosomes in addition to chromo -
Identification of the gene that vant members have been seen some 4 that may also hold clues

(when mutated) causes FOP will and genetic and molecular stud - to FOP, and we are vigorously

be a key to understanding FOP ies are being conducted. For the pursuing these leads. In addi -

as well as many more common other family, members will be tion, we continue to examine

conditions of skeletal develop - seen very shortly and studies candidate genes both inside and
ment. The mutations responsible initiated following consent of the outside of the linkage region;

for most genetic conditions are individuals. At this point, it is genes that if mutated, could

identified by tracking the inheri - impossible to determine whether plausibly cause FOP. The can -

tance patterns of signature the addition of two multigenera - didates include genes that are
pieces of DNA (called polymor - tional families will allow us to involved in the bone morpho -
phisms) through large multigen - substantially narrow the genetic genetic protein pathway, genes
erational families. However, for interval where the FOP gene is that control skeletal and/or bone

FOP no such large families with located and pursue positional marrow development, as wel

many affected individuals have cloning of the gene, but it will genes involved in immune func -

been identified anywhere in the clearly bring us a big step closer. tion and/or inflammation. We
world. During this past year, Additional multigenerational have, through our targeted DNA
however, our work on FOP edu - families likely exist but may sequencing efforts, excluded

cation is beginning to pay-off. In have had little contact with the many promising candidate genes,

the area of multigenerational medical community. The but there are still many more to

family identification, two fortu - increasing amount of medical evaluate. As work continues to
itous developments occurred in research on FOP and the grow - annotate the human genome in

2002, and each could prove to be ing international collaborative laboratories around the world,

a bonanza in the search for the network of physicians and scien - the potential relevance of newly
tists who recognize FOP is identified genes provides valu -
changing that able informa -
predicament. Also, tion a_nd per -
we cannot underes - spective on
timate the power of genetic signal -
the Internet to dis - ing networks
seminate new infor - relevant to
mation and to FOP. While
attract the attention this targeted
of physicians, scientists and the DNA sequencing effort for prom -
families themselves. ising candidate genes is labori -

ous, it is essential that we leave
no potential FOP gene uninvesti -
Sequencing gated.

Candidate Genes

Last year, we reported the Molecular Inheritance

identification of four additional Patterns in FOP:
small FOP families whose DNA Unusual Clues
Microscopist and histologist  could be entered into the genetic
Robert Caron. mapping studies. While none of In a promising new ap-
the families was a traditional proach, which we began to use

multigenerational family, they during this past year, we are



exploring targeted regions of the
genome where the FOP gene may
be located (identified through our
multigenerational family studies)
to look for loss of inheritance of
one of the two copies of parental
DNA. This type of investigation
is called “a loss-of-heterozygosity
(LOH) study.” In this context,
“hetero” means different while
“zygous” means parental origin.
For most genes, we have two
copies — one copy from our moth
er and one copy from our father.
Due to normal genetic variations
between all individuals, it is pos
sible to trace the father’s copy of
the gene and the mother’s copy
of the gene using specific mark -
ers associated with each copy of
the gene. In some individuals
who have FOP, it is possible that
a small piece of DNA could be
missing, and that the missing
piece could contain one copy of
the FOP gene. But that piece of
DNA might be too small to notice
microscopically and might only

be identified by detailed molecu -

lar studies. Therefore, if one of
the parental copies is missing,
the genetic signature at a specif
ic location along the chromosome
would seem homogeneous
(rather than heterogeneous)
because one is able to identify
only one of the two parental
copies. Such homogeneous-
appearing regions at the molecu
lar level might provide a precise
clue to where a small piece of
DNA may be missing, and where
the FOP gene might be located.

These studies were not possi
ble for us even several years ago
due to the fact that we had too
many regions to search and too
few molecular markers with
which to search particular
regions of interest. At the pres -
ent time, however, such studies
are possible and are being
undertaken in collaboration with
our esteemed colleague and col -
laborator, Dr. Michael Connor at
The University of Glasgow in
Scotland.

Yi-Chen Wu (standing next to Dr. Kaplan) and her family
came all the way from Taiwan to visit the lab.

The Mitotic
Recombination Project

ast year we reported a
L novel approach to find -
ing the FOP gene called
the mitotic recombination project.
The mitotic recombination proj
ect, an alternative genetic
approach that completely circum
vents the need to obtain DNA
samples from large multigenera
tional families, could greatly
expand our ability to identify the
genetic cause of diseases like FOP
for which large families are diffi
cult to obtain. The idea behind
the study is a remarkably simple
and novel one that might allow us
to capitalize on the rare shuffling
of genetic information  that occurs
in our body’s cells from time to
time. This novel idea proposes a
method to use FOP lymphocytes,
available to us in the laboratory
from the blood samples you have
given us, to generate “cellular
families” that could be used to
narrow the genetic interval where
the FOP gene is located.  One of
the tantalizing aspects of this
work, noted by one of the review -
ers from the NIH is that, “the
techniques to be developed in this

proposal would be applicable to a
number of rare diseases for which
pedigree analysis is impossible.”

While the strategy for this
novel mitotic recombination proj
ect is simple and elegant, the
logistics and tactics are fraught
with numerous technical chal
lenges. During the past year, we
have devoted much attention to
this project in an attempt to cir
cumvent the technical obstacles.
We have learned a great deal
about the molecular genetics of
FOP and about the behavior of
FOP cells from this work, and we
have a much better idea of the
types of technical hurdles that
must be overcome. Many of the
techniques that we have been
developing in the past year are
applicable not only to this project,
but to several other projects that
we are pursuing in the FOP labo
ratory. This continues to be one
of the most technically difficult
projects in the laboratory, but
regardless of its outcome, will
shed a great deal of knowledge on
the behavior of FOP cells.



and from there trace back to material, first described in last
the damaged gene. During year’s annual report, as this

the past year, we have year’'s advances build directly
devoted much effort to this upon it. We will, therefore, high
approach, and the results are light the following three sections:
beginning to pay-off. “What is a morphogen?,”

In this section of the Annual “Autoregulatory negative feed -
Report, we will describe one of back loops,” and “Dysregulation
the major advances in FOP of autoregulatory negative feed -
) research during the past year: back loops in FOP cells.”
A Disorder of the discovery of abnormal BMP Following that introduction, we
Skeletal Regulation receptor biology in FOP cells. will describe some of our newest
Before exploring this new avenue findings and the hypotheses that
Unlike in bone diseases such of research, it would be helpful guide this seminal branch of our
as fibrous dysplasia, osteogene - to review some background FOP research effort.

sis imperfecta, or bone cancer

where the bone formed is abnor - .

mal, there is nothing at all

wrong with the extra bone in What IS a Morphogen?
FOP except that it should not be

there. FOP is not a disorder of one morphogenetic protein 4 (BMP4) is a special type of
skeletal structure or of skeletal B protein referred to as a morphogen and is encoded by

composition, but of skeletal reg - the gene that bears its name. BMP4 is highly conserved

ulation. throughout evolution in the animal kingdom and has many differ -
The lessons of progressive ent functions during development and following birth.

osseous heteroplasia (POH), the BMP4 is a morphogen, and a morphogen is a secreted signal -

sister disease to FOP, provide an ing molecule that organizes a field of surrounding cells into pat -

important counterpoint to the terns. In the case of the fruit fly (that has no bones), BMP4 organ -

next section of the report. For izes the patterns for the body plan, and for other structures such

POH, we have discovered the as the wing. In the case of a human being, BMP4 organizes the

causative gene, but have no cellular pattern of various organs including the hair follicles, mid -

knowledge yet of the pathways dle ear, and the skeleton itself. BMP4 forms a concentration gra -

that the gene uses to make het - dient emanating from a localized group of cells, and the BMP4 pro -

erotopic (extra) bone. For FOP, tein determines the arrangement and fate of responding cells

we do not yet know the causative according to the concentration of BMP4 perceived by the cells in

gene, but we are gaining in- the environment. The idea of a morphogen gradient is intimately

creased knowledge about the sig - associated with the concept of positional information. A cell in the

naling pathways used by the environment of a BMP4 molecule reads its position in a concentra -

cells to make heterotopic bone. tion gradient, and determines its developmental fate accordingly.

For both conditions, it is neces - BMP4 is a morphogen, not an enzyme. Enzymes catalyze

sary to understand not only the chemical reactions in the body. The more of an enzyme there is,

causative gene, but also the reg - the more of a chemical reaction there will be. If you have twice the

ulatory pathways through which concentration of an enzyme, you can have twice the number of

the genetic damage occurs. chemical reactions taking place and therefore twice the product of
Establishing an effective those reactions. That is not the case for morphogens such as

treatment for a genetically-based BMP4. Morphogens turn on different genes at different concentra -

developmental disorder like FOP tions. For example, at low concentrations BMP4 turns on one set

will result from identification of of genes, at intermediate concentrations, it turns on a different set

both the gene mutation and the of genes, and at a high concentrations, it turns on yet a third set

dysregulated developmental of genes. This, of course, is an oversimplification, but the concept

pathway that causes FOP. For that morphogens have entirely different effects at different concen -

FOP, family pedigrees are scarce trations is an extremely important and relevant one for FOP.

and genetic linkage and position - How then are the gradients of a morphogen such as BMP4

al cloning are difficult. An alter - established and maintained to allow the body to create exactly

native approach to identify the what it needs, exactly when it needs it, exactly where it needs it

primary pathology in FOP and absolutely nowhere else?

involves strategies to isolate the
dysregulated molecular pathway



for developing BMP antagonist

Autoregulatory Negative Dysregulation of based strategies for the treat -
Feedback Loops Autoregulatory Negative ment of FOP.
Feedback Loops in FOP In addition, FOP cells have
The concept of autoregulatory Cells an intrinsic defect in the ability
negative feedback loops is cen - to regulate BMP4 levels across a
tral to attempts to understand With this background in wide range of metabolic and cell
the concept of morphogen gradi - mind, it will be easier to under - cycle events invitro . In normal
ents and the extraordinary fideli - stand one of the most important cells, the BMP4 levels are held
ty of their control. During the basic science discoveries from tightly in-check throughout all
past five years, numerous steps the laboratory in the past several phases of the cell cycle, while in
have been identified and eluci - years — the finding that FOP cells FOP cells, the concentrations
dated in the molecular relay are unable to properly regulate seem to vary dramatically. The
switches from secreted mor - the BMP4 pathway in response inability of FOP cells to properly
phogens (such as BMP4) to to a BMP4 signal. The failure of regulate the concentration of
downstream gene control at a FOP cells to appropriately upreg - BMP4 throughout the cell cycle
molecular level. At each step in ulate expression of some secret - may reflect a basic defect in the
the molecular relay from the ed BMP4 antagonists in response regulation of the BMP4 pathway.
secreted morphogen to the down - to a BMP4 signal suggests a pos - The primary action of a damaged
stream effects on target cells, sible loss of negative feedback by gene in the BMP4 pathway may
nature has built-in negative feed - which BMP4 expression levels affect one or more components of
back control switches. These and thus BMP4 activity may be the BMP4 pathway, like a guard
negative feedback switches are a markedly elevated and sustain - that regulates several check -
set of highly regulated brakes able in FOP. points. Alternatively, a gene
that sense the concentration of Heterotopic ossification in the defect that affects only one
intermediate molecules in the setting of FOP begins in child - aspect of the BMP4 pathway may
pathway and work together as a hood, and can be induced by have secondary repercussions
molecular guidance system for surgical trauma, soft tissue that are widespread. Thissug -
the proper functioning of the injury, intramuscular immuniza - gests that genes encoding pro -
pathway. tions, or injections for dental teins that regulate BMP4, BMP4
Negative feedback switches procedures. BMP4 is produced receptors, and perhaps proteins
allow cells to operate with high by skeletal muscle and its that degrade BMP4 or its cognate
fidelity within an extremely nar - expression can be upregulated at receptors may be dysfunctional
row range that never allows the sites of soft tissue injury. Under in FOP cells.
morphogen gradient to waver far normal circumstances, BMP4
from its set-point in any particu - dramatically stimulates the BMP4 Pathway
lar tissue of |_nterest. Ne_gatl_v_e expression of_at least several Dysregulation in FOP
feedback switches are implicit to BMP antagonists. A blunted
the proper functioning of mor - BMP4 antagonist response fol -

In order to test the hypothe -
sis that the BMP4 pathway is
dysregulated in FOP, we con -

phogen gradients, and their elu
cidation is central to the under

lowing soft tissue trauma would
permit the rapid expansion of a

standing of the functioning of BMP4 signal conducive to pro - ducted a detailed examination of
those gradients. gressive bone formation. The various autoregulatory negative
The_presence of autpregulz_ito - growth of _hlghly \{ascu_lar pre - feedback switches within the
ry negative feedback switches in osseous fibroproliferative tissue BMP4 pathway and found
gene circuits provide enormous seen locally in response to BMP4 defects at multiple points. Such
stability, thereby limiting the overexpression would be magni - defects included not only.the
range over which the concentra - fied in the setting of a blunted overexpression of BMP4 messen -
tion of network components fluc - BMP4 antagonist response, and ger RNA and protein, and the
tuate. The stability of a morpho - could explain the explosive bone inability to upregulaté multiple
genetic pathway served by induction seen during an FOP secreted BMP4 antagonists, but
autoregulation is far superior to flare-up. These findings from also the overexpression and’ the
that of an unregulated pathway. FOP illustrate the importance of activation of BMP4 receptor pro -
Autoregulatory negative feedback a critical balance between an .
; . . . ; teins on the cell surface. These
switches have been identified at inductive morphogen (BMP4), i
. : : o findings have been documented
every single step in the BMP4 and its secreted antagonists in in numerous EOP cell lines and
pathway. the formation of an ectopic organ

. rovide striking evidence that the
system and suggest the potential P 9



BMP4 pathway is intrinsically an interplay between BMP-BMP postnatal overexpression of one

. . receptor binding of morphogens of the BMP receptors (the one
glysregulated in FOP. Thls work and their antagonists certainly that is overabundant) can cause
'S present'ly the focus of intense raises questions regarding its heterotopic ossification and that
reseqrch in the FQP Iabor.atory. potential therapeutic role in embryonic underexpression of
The' first part of.th|s vyork IS the orthopaedic surgery. That per - the other BMP receptor (the one
SUbJe.Ct of a major scientific paper spective, in addition to the find - that is underexpressed in FOP
NOW N press at The Journal of ings of this report, make for a cells) can cause toe malforma -
Bone & J0|r!t Surgery (‘JE,"JS) very important contribution on tions that are nearly identical to

The review of the article to be the role of osteoinductive pro - those seen in patients who have
‘[‘)ub.hs.hed in the ‘JB‘.JS stat.ed, teins in human disease and ther - FOP. There are no mutations in
This is an extremely interesting, apeutics.” the coding sequences of BMP4,

well-written, and important arti - multiple BMP4 antagonists, or

cle providing further evidence for The BMP Receptors in the BMP receptors in FOP

the role of bone morphogenetic FOP: One Up, One Down patients. Taken together, these
?égfgg)s (;? It:r(')eppa\/tm%egﬁz'rs — The Basis of a Unified data suggest that a primary

reports have indicated that this Theory defect exists in the BMP4 signal -

ing pathway in FOP cells and

protein’s overexpression may be As we have noted, the BMP4 that one of the BMP receptors
essential to the cause of FOP, the signaling pathway is dysregulat - may be constitutively active and
possibility that an impaired regu - ed in the cells of patients who unresponsive to normal signaling
latory control loop involving have FOP. Recent studies sug - in FOP cells.
secreted protein antagonists may gest that FOP cells fail to proper - Cells derived from FOP
be involved in the cause of this ly regulate ambient concentra - patients provide a unique oppor -
disease is potentially revealing tions of BMP4 and fail to appro - tunity to gain insight into the role
and important. The ability of the priately regulate the transcrip - that altered BMP receptor signal -
FOP laboratory to obtain suffi - tion of BMP pathway target ing plays in induction of endo -
cient samples of lymphoblastoid genes such as the BMP4 antago - chondral bone formation such as
cells from patients afflicted with nists. Preliminary data (2002) occurs ectopically in patients
this rare disorder makes this indicate that one of the BMP with FOP. This led to our current
report a unique and valuable receptors is present at very high hypothesis that ab-normal BMP
opportunity to learn much impor - |evels on the surface of FOP cells signaling results from increased
tant new information. The con - while another BMP receptor is amounts of one of the BMP
cept that BMP function in present at very low levels. These receptors on the cell surface and
humans is closely regulated by data are consistent with develop - mediates the extra bone forma -
mental studies showing that tion in FOP while the great toe

malformations result from recip -
rocally decreased amounts of
and/or activity of the other BMP
receptor on the cell surface.

An analysis of the molecular
pathology of BMP receptor activi -
ty on the surface of FOP cells is
beginning to provide critical
insight into the molecular mecha -
nisms underlying the earliest
events in the pathogenesis of
FOP. A fundamental understand -
ing of the molecular and genetic
regulation of the BMP pathways
in FOP cells will lead to a more
rational therapeutic approach to
FOP as well as to a wide variety
of disorders involving the induc -
tion of bone formation in
humans.

Dr. Glaser describing a genetic analysis at a lab meeting.



Which Road T o The Target?

he standard description of a cell signaling pathway goes some
I thing like this: A morphogen (such as BMP4) is made and
secreted by a cell and binds to a cell membrane receptor caus
ing activation (phosphorylation) of the receptor. This receptor activation
leads to a cascade of events inside the cell that activates or represses
downstream target genes that trigger events such as bone formation.

One of the major mysteries in biology concerns how cells regulate
their downstream targets with such specificity and sensitivity. For the
BMP pathway, there are multiple morphogens, multiple receptors, and
multiple intermediate molecules. However, until recently, it was
thought that there was only one major pathway through which BMPs
could regulate downstream targets. During the past year, reports have
emerged from several laboratories, including ours, suggesting that
there are at least two (and perhaps even three) coordinate (or alternate)
pathways through which a BMP signal may affect its downstream tar
gets.

For the past decade, it has been thought that BMPs affect their
downstream targets through the canonical SMAD pathway. During the
past year, we have discovered that a coordinate or alternate pathway
known as the p38 mitogen—activated protein kinase (MAPK) pathway
also plays an important role in FOP cells. While the exact meaning of
this finding remains unknown, it is quite clear that the more that can
be learned about the pathways through which BMP4 signals its down
stream target genes, the better able we will be to design treatment
strategies that interrupt and correct any molecular imbalance in these
pathways.

We are excited about our research progress in this area of molecu
lar signaling (also known as signal transduction) in FOP cells, and are
sure that there will be even more exciting developments in this area of
research in the coming year. We will keep you apprised of them as they

develop and are confirmed.

sis of comparative genome
databases

Rapidly emerging DNA
microarray technology now
enables us to monitor thou -
sands of genes simultaneous -
ly and constitutes a major
technological advance that is
beginning to give us unprece -
dented insights into gene
expression in FOP.

Large-scale microarray
gene expression studies, and
the computer power and soft -
ware necessary to analyze the
overwhelming flood of data
generated by such technology
permits us now to mine the
bounty of the human genome
for the purpose of better
understanding the damaged
genetic pathways in FOP.
Large-scale microarray analy -
sis of gene expression pat -
terns in FOP cells require the
use of specialized core facili -
ties and computing power
outside of our FOP laborato -
ry. Those facilities are now
in place at The University of
Pennsylvania and are avail -
able to us.

With the help of the newly
established Weldon Family
FOP Research Endowment,

we have begun this exciting
new approach. Within the

Large-Scale Microarray
Gene Expression Studies

Comparison of the expression
pattern of multiple genes in the
BMP4 pathway and related path
ways in FOP cells vs. non-FOP
cells is an extremely important
approach to deciphering the
wiring diagram of FOP cells. We
have said in previous reports
that FOP research is much like
trying to decipher the wiring dia
gram of an atom bomb built by a
“molecular terrorist” (the mutat
ed FOP gene). A more compre -
hensive analysis of gene expres
sion patterns in FOP cells will
enable us to determine the rele

vant wiring diagram of the BMP4
pathway and to more quickly
determine how to effectively de-
activate the bomb.

Two revolutionary develop -
ments in technology have recent
ly provided the tools needed to
probe deeper into the mysteries
of the human genome, and have
opened-up new and more pro -
ductive avenues of inquiry for
understanding the molecular
basis of genetic diseases. These
developments are highly relevant
to our ongoing research in FOP
and include:

large-scale microarray gene
expression studies

high-speed computer analy

last year, a state-of-the art
core facility for microarray analy
sis was established at The
University of Pennsylvania and
has been a tremendous asset for
the design and accomplishment
of this approach to study FOP.
An initial set of studies using
FOP cell lines and control cell
lines has been undertaken, and
our work has been expanded to
produce two experimental data
sets that can be compared for
similarities and differences. We
are presently analyzing our first
data sets comparing FOP and
control samples and we are in
the process of conducting sup
plemental experiments.



An additional experimental
strategy involves the comparison
of individual RNA samples from
affected and unaffected members
of a family with inherited FOP.
Since the individuals providing
the samples used for this data
set are related, inherent RNA
expression variation is expected
to be low (as compared to unre -
lated members of the general
population). This data set allows
comparison of individual persons
with FOP to each other within
the same family and to individ -
ual unaffected persons in various
combinations.

Microarray experiments gen -
erate large and multivariate data
sets that require computer-
assisted evaluations to identify
significant similarities and differ
ences among compared samples.
We are currently conducting the
statistical analysis of the gener -
ated data sets in collaboration

Shore, Ph.D.

with Dr. David Rocke, Professor
of Statistics at The University of
California, Irvine.

Preliminary analysis of our
microarray data sets has
revealed several potentially inter
esting differences between and
FOP and control cells; verifica -
tion of the significance of these
differences is being pursued. In
addition, these studies provide

the foundation for more compre -

hensive and exploratory analyses
and will provide the basis for
ongoing research studies in this
extremely important area of FOP
research.

BMP-Interacting
Pathways

For reasons outlined above,
most of our attention has
focused on the BMP4 signaling
pathway in FOP. However, it is
likely that other signal transduc
tion pathways
may be
involved in the
FOP process.
Nearly all
investigations
in develop -
mental biology
relevant to the
study of FOP
suggest the
involvement of
five major
inter-related
signal trans -
duction path -
ways. These
include the
BMP signaling
pathway, the

signaling
pathway, the
WNT signaling
pathway, the
NOTCH sig -
naling path -
way, and the
fibroblast
growth factor
(FGF) signal -
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hedgehog (HH)

ing pathway. Each of the four
latter signaling pathways has
critically important interactions
with the BMP signaling pathway,
and we have been investigating
these interactions as they may
relate to FOP.

While we have, to date, found

no primary pathology with the
HH signaling pathway, the WNT
signaling pathway, or the
NOTCH signaling pathway, our
discovery that basic fibroblast
growth factor 2 (FGF2) is overex
pressed in FOP lesions has pro
vided a focus for several of our
ongoing collaborative research
efforts.

In a collaborative research
project supported by the
Developmental Grants Program
of The Center for Research in
FOP & Related Disorders, Dr.
Hyun Duck Nah, Research
Associate Professor in the
Department of Biochemistry at
the School of Dental Medicine at
Penn, is investigating the inter
actions of FGF2 and BMP4 sig
naling in endochondral ossifica
tion as a potential pathogenic
mechanism for FOP.
Interestingly, her preliminary
data shows that FGF2 signifi -
cantly upregulates BMP4 gene
expression in both cartilage pre
cursor cells and differentiated
cartilage cells. This has led to
the hypothesis that FGF2 is an
upstream transcriptional regula
tor of the BMP4 gene, and that
integrated FGF2 and BMP4 sig
naling have essential roles in
endochondral ossification. At
the present time, Dr. Nah is
investigating the potential role of
integrated FGF and BMP signal
ing in endochondral ossification
as well as FGF signaling in the
transcriptional activation of the
BMP4 gene in cartilage cells in
an attempt to identify the region
of the BMP4 promoter (regulatory
DNA sequences of a gene) that
confers FGF2 responsiveness.

In summary, these studies
are carefully defining the interac



tions between FGF and BMP sig -
naling in endochondral ossifica -
tion, the type of bone formation
seen in normal skeletal forma -
tion, fracture healing and FOP.
These studies have provided new
insights into potential mecha -
nisms underlying the formation

of early FOP lesions and have
already influenced our thinking

on the potential utility of anti-
angiogenic agents in modulating
the interactions between these
pathways in controlling the

growth of FOP lesions.

FOS & FOP:
Important Clues from an
FOP Patient

Our attention recently has
been redirected to work which
we performed and reported sev -
eral years ago, showing that
embryonic overexpression of the
FOS gene in the mouse leads to
early postnatal heterotopic carti -
lage and bone formation with
clinical features similar to those
seen in children who have FOP.
FOS is an important signaling
protein that works inside the
nucleus of cells and has impor -
tant functions in turning-on and
turning-off genes in almost every

cell in the body. Curiously, how -

ever, the underexpression or
overexpression of FOS seems to
have particularly harsh effects
on bone cells and muscle cells
respectively. The overexpression
of FOS during embryonic devel -
opment of the mouse leads to
heterotopic bone formation, at
least in part through a BMP4-
mediated signal transduction
pathway.

Our attention was first
directed to the FOS/JUN family
of genes because of their involve -

ment in cartilage and bone devel -
opment. FOS is present at
extremely high levels in most
human osteosarcomas (bone
cancers) and was first recognized
by its ability to induce bone
tumors in rodents. In addition,
increased expression of the FOS
protein was noted in bone from
patients with fibrous dysplasia, a
condition whose name sounds a
lot like FOP, but which is very
different. Bones affected with
fibrous dysplasia have incom -
plete maturation of their bone
forming cells, and have aradi -
ographic appearance of expansile
“soap bubble” type lesions.
These bones are often extremely
painful, and are easily fractured.
The genetic mutations that
cause fibrous dysplasia are not
carried or passed from one gen -
eration to another through the
germ cells (sperm cells or egg
cells), but arise spontaneously
during early embryogenesis and
affect the cells of one or more
bones in the body of those who
have the condition. Ironically,
the gene responsible for fibrous
dysplasia happens to be GNAS1,
the same gene that causes POH,
the sister disease to FOP!
However, in fibrous dysplasia,
the gene is overactive, whereas
in POH, the gene is underactive.
To make the story even more
interesting, we had previously
met an older woman who had
classic features of severe FOP as
well as features of severe fibrous
dysplasia. While an immediate
connection between the two con
ditions is not obvious, it struck
us as extremely interesting and
extremely unusual that one indi
vidual would have two rare con -
ditions that happen to affect the
skeleton, and both with a con -
nection to FOS! To summarize:

1. When FOS is overex -
pressed in bones,
mice and people
develop bone lesions
that look like fibrous
dysplasia.

2.  When FOS is overex -
pressed in muscles,
mice develop lesions
that look like FOP.

3. Mice that overexpress
FOS in their muscles,
overexpress BMP4.

4. People with FOP have
too much BMPA4.

5. A patient has features
of both fibrous dys -
plasia and FOP.

What does this all mean?
While we strongly doubt that the
FOS gene is the cause of FOP, it
is very likely that FOS is involved
in the BMP4 pathway, and that
overexpression of FOS may play
a role in the development of FOP.

Although it is too early to
determine the exact molecular
significance of the occurrence of
FOP and fibrous dysplasia in the
same individual, it is not too
early to pay attention to such
potentially important clues. We
have begun work in 2003 to
investigate these relationships
and these molecular pathways.

It was, in fact, such a clue form
a single patient that led us to
decipher the exact genetic cause
of POH. Whether this clue will
eventually prove useful or will
lead to a blind alley is too early
to determine.

William Harvey, the physician
who discovered the circulation of
the blood in the late 1600s,
arguably one of the most impor -
tant discoveries in the history of
medicine, wrote: “ Nature is
nowhere more likely to show you
her secret mysteries than in
cases where she shows you
traces of her workings apart from
the beaten path.” In a similar
comment, Sir William Osler, the

famous 19 century physician
said: “Clinics are laboratories;
Laboratories of the highest order.
Very often it is a clue from the
clinic that changes the ways we
think in the laboratory and point
us in an exciting and unantici -
pated new direction.



