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FOP MissionFOP Mission

• Cause

• Cure



From Cause to CureFrom Cause to Cure

•• MUTATIONSMUTATIONS

•• MECHANISMSMECHANISMS

•• MODELSMODELS

•• MEDICINESMEDICINES



From Cause to CureFrom Cause to Cure

MUTATIONSMUTATIONS

• Discovered the FOP gene

• Identified major clinical

and

molecular variants of FOP



From Cause to CureFrom Cause to Cure

MECHANISMSMECHANISMS

• Demonstrated that the mutant FOP receptor

has leaky BMP signaling at rest

and hyper-responsive BMP signaling 

when triggered by inflammatory signals

in the cellular microenvironment

• Unveiled a key co-conspiratory protein,FKBP12,

that binds less efficiently to the FOP fuse

and permits leaky signaling

in the absence of BMPs



From Cause to CureFrom Cause to Cure

MECHANISMSMECHANISMS

• Recognized that circulating monocytes

and tissue macrophages

are critical inflammatory triggers

of FOP flare- ups

• Revealed progenitor cells 

of vascular origin 

that contribute to every stage

of the FOP lesion



From Cause to CureFrom Cause to Cure

MECHANISMSMECHANISMS

• Modeled the structure of the mutant protein 
encoded by the FOP gene
and identified a previously unrecognized
and unstable switch
enabled by the FOP mutation.

• Showed that hypoxia
dramatically enhances BMP signaling
in FOP cells



From Cause to CureFrom Cause to Cure

MODELSMODELS

• Developed a Stem Cell Model for FOP

using discarded baby teeth

• Rescued a lethal ACVR1 knockout in zebrafish

with the mutant FOP gene 

and thereby demonstrated 

functional over-activity of the FOP gene

in an animal model

• Developed a chimeric mouse model of FOP



From Cause to CureFrom Cause to Cure

MEDICINESMEDICINES

• Identified a class of compounds

that inhibit FOP-like lesions in animal models

and that may serve as a basis

for future drug development

• Re-wrote the FOP Treatment Guidelines

(www.ifopa.org)



April 14,1736April 14,1736

““ There came a boy of healthy look,There came a boy of healthy look,

and about 14 years of age, and about 14 years of age, 

to ask us at the hospital,to ask us at the hospital,

what should be done to cure himwhat should be done to cure him
of the many large swellings on his back,of the many large swellings on his back,

which began 3 years since, which began 3 years since, 

and have continued to grow as large and have continued to grow as large 

on many parts as a pennyon many parts as a penny-- loaf,loaf,

particularly on the left side. particularly on the left side. 

They arise from all the vertebrae of the neck,They arise from all the vertebrae of the neck,

and reach down to the and reach down to the osos sacrum.  sacrum.  

They likewise arise from every rib of the body, They likewise arise from every rib of the body, 

and joining together in all parts of his back, and joining together in all parts of his back, 

as the ramifications of coral do,as the ramifications of coral do,

they make, as it were, a fixed bony pairthey make, as it were, a fixed bony pair

of bodice. of bodice. ””

--John John FrekeFreke, Ophthalmologist, Ophthalmologist

St. BartholomewSt. Bartholomew’’s Hospital, Londons Hospital, London

Philos. Trans. Royal. Society, 1740Philos. Trans. Royal. Society, 1740



CTP/ Stem cellCTP/ Stem cell

MicroenviromentMicroenviroment //

NicheNiche

ALTERALTER

MICROENVIROMENTMICROENVIROMENT

BLOCK CTP

BLOCK CTP

BLOCK PATHWAYBLOCK PATHWAY

•• EC InhibitorsEC Inhibitors

•• MAbsMAbs

•• SiRNASiRNA

•• STIsSTIs
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THE FOP “HYDROGEN BOMB”
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Cells ThatCells That

Build ABuild A

SecondSecond

SkeletonSkeleton



Clinical Features of FOPClinical Features of FOP



Early FOP LesionsEarly FOP Lesions





Progressive Progressive HeterotopicHeterotopic SkeletogenesisSkeletogenesis



Catastrophic Misdiagnosis  In FOPCatastrophic Misdiagnosis  In FOP
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Dx : Aplastic Anemia
Rx : BMTP X2
Cx : GVH/ Skin
Lx : 100% Chimera

IMMUNOSUPRESSION

(Prednisone/ Methotrexate/

Cyclosporin)

Activity

of

FOP

• BMT Does BMT Does NOTNOT Cure FOPCure FOP

•• Even a Normal Immune System Can Trigger FOPEven a Normal Immune System Can Trigger FOP

in a Genetically Susceptible Hostin a Genetically Susceptible Host

Lx : 100% Chimera



FOP= ACVR1(c.617 G>A; R206H)FOP= ACVR1(c.617 G>A; R206H)

E= MCE= MC2 2 for The Skeletonfor The Skeleton

InflamInflam

(Trigger)(Trigger)



MacrophagesMacrophages Stimulate H.O. Stimulate H.O. 

In NSEIn NSE--BMP4 MiceBMP4 Mice



Inflammation Triggers H.O. in The SettingInflammation Triggers H.O. in The Setting

of Increased BMP Pathway Activityof Increased BMP Pathway Activity

NseNse –– BMP4                       H.O.BMP4                       H.O.

Dm Dm -- derivativesderivatives

MO MO –– inhibitors (induction)inhibitors (induction)

InflammationInflammation

co/ca ALK2                       H.O.co/ca ALK2                       H.O.
AV AV -- CreCre

Lymphocyte inhibitors (Lymphocyte inhibitors (propogationpropogation))

Corticosteroids;Corticosteroids;



ACVR1 (R206H):ACVR1 (R206H):

A pH A pH –– Sensitive Switch? Sensitive Switch? 



R206H/FKBP12 (The Fuse)R206H/FKBP12 (The Fuse)

ACVR1 (The Bomb)ACVR1 (The Bomb)

INFLAMINFLAM

(Trigger)(Trigger)

pH/ HypoxiapH/ Hypoxia

(Fuel)(Fuel)



FOP Is A Stem Cell DiseaseFOP Is A Stem Cell Disease



Cells of Hematopoietic Origin Cells of Hematopoietic Origin 

Contribute to Early & Late LesionsContribute to Early & Late Lesions

But Not to the But Not to the HeterotopicHeterotopic AnlagenAnlagen



Schematic of Schematic of CreCre/ / loxPloxP lineagelineage

Tracing MethodologyTracing Methodology



Table 1.  Cell lineage contributions to the heterotopic endochondral anlagena,b

40-5040-5040-50EndothelialTie2

NDNDND
Vascular 

smooth muscle
SMMHC

NDc<1<5Skeletal MuscleMyoD

OsteogenicChondrogenicFibroproliferativeCell LineagePromoter

Heterotopic Skeletal Anlagen Stages



CardiotoxinCardiotoxin Injury of SkeletalInjury of Skeletal

Muscle Stimulates and SynchronizesMuscle Stimulates and Synchronizes

HeterotopicHeterotopic Ossification inOssification in

NseNse-- BMP4 Transgenic MiceBMP4 Transgenic Mice



Tie2+ Cells Contribute to All Stages ofTie2+ Cells Contribute to All Stages of

HeterotopicHeterotopic Ossification After Ossification After CardiotoxinCardiotoxin--InducedInduced

Muscle Injury in Tie2Muscle Injury in Tie2--Cre; R26R/NSECre; R26R/NSE--BMP4 BMP4 TrasgenicTrasgenic MiceMice

FPFP

CPCP

OPOP



Endothelial Markers Are Expressed At AllEndothelial Markers Are Expressed At All

Stages of The Stages of The EndochondralEndochondral AnlagenAnlagen

In BMP4 Associated In BMP4 Associated HeterotopicHeterotopic OssificationOssification



Working Model of BMPWorking Model of BMP-- AssociatedAssociated

HeterotopicHeterotopic OssificationOssification



•• Data from FOP patients and from Data from FOP patients and from in vivoin vivo animal animal 

models of FOP strongly suggest that models of FOP strongly suggest that 

inflammatory signals, in response to soft tissue inflammatory signals, in response to soft tissue 

injury, mobilize resident connective tissue injury, mobilize resident connective tissue 

progenitor cells of vascular origin that contribute progenitor cells of vascular origin that contribute 

to every stage in the development of the to every stage in the development of the 

heterotopicheterotopic anlagen.anlagen.

•• Inflammatory signals, in response to soft tissue Inflammatory signals, in response to soft tissue 

injury, are sufficient to induce injury, are sufficient to induce heterotopicheterotopic

ossification in a BMPossification in a BMP--conducive environment.conducive environment.

•• Inflammatory cells of hematopoietic origin trigger Inflammatory cells of hematopoietic origin trigger 

soft tissue metamorphosis to soft tissue metamorphosis to heterotopicheterotopic bone.bone.

Principles of Skeletal Metamorphosis in FOPPrinciples of Skeletal Metamorphosis in FOP



Principles of Skeletal Metamorphosis in FOPPrinciples of Skeletal Metamorphosis in FOP

•• Cells of the innate immune system, specifically of Cells of the innate immune system, specifically of 

the the monocytemonocyte/macrophage lineage, induce /macrophage lineage, induce 

metamorphic changes in a BMP conducive metamorphic changes in a BMP conducive 

environment.environment.

•• Cells of the adaptive immune system, specifically Cells of the adaptive immune system, specifically 

of the lymphocyte lineage, propagate the growth of the lymphocyte lineage, propagate the growth 

and expansion of metamorphic changes in a BMP and expansion of metamorphic changes in a BMP 

conducive environment.conducive environment.

•• ImmunosuppressionImmunosuppression ameliorates ameliorates heterotopicheterotopic

ossification in a genetically susceptible host.ossification in a genetically susceptible host.



•• Bone marrow transplantation does not cure FOP Bone marrow transplantation does not cure FOP 

and is ineffective in abrogating its progression.and is ineffective in abrogating its progression.

•• A normal immune system is sufficient to trigger A normal immune system is sufficient to trigger 

heterotopicheterotopic ossification in a genetically susceptible ossification in a genetically susceptible 

host. host. 

•• Connective tissue progenitor cells of vascular origin Connective tissue progenitor cells of vascular origin 

transducetransduce inflammatory signals in a BMP conducive inflammatory signals in a BMP conducive 

environment and contribute to every stage in the environment and contribute to every stage in the 

evolution of a evolution of a heterotopicheterotopic anlagen.anlagen.

•• Therapeutic regulation of progenitor cell Therapeutic regulation of progenitor cell 

populations involved in FOP lesions holds promise populations involved in FOP lesions holds promise 

for treatment of FOP and possibly other disorders of for treatment of FOP and possibly other disorders of 

heterotopicheterotopic ossification.ossification.

Principles of Skeletal Metamorphosis in FOPPrinciples of Skeletal Metamorphosis in FOP
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CTP/ Stem cellCTP/ Stem cell

MicroenviromentMicroenviroment //

NicheNiche

ALTERALTER

MICROENVIROMENTMICROENVIROMENT

BLOCK CTP

BLOCK CTP

BLOCK PATHWAYBLOCK PATHWAY

•• EC InhibitorsEC Inhibitors

•• MAbsMAbs

•• SiRNASiRNA

•• STIsSTIs
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ACVR1 (c.617 G>A; R206H)ACVR1 (c.617 G>A; R206H)

One misspelled letter in 6 billionOne misspelled letter in 6 billion

One of the most highly specific diseaseOne of the most highly specific disease

causing mutations in the human genomecausing mutations in the human genome





With so much being discovered about howWith so much being discovered about how

The BMPs act, it might be possible toThe BMPs act, it might be possible to

Develop drugs that would block some partDevelop drugs that would block some part

Of the BMPOf the BMP--4 pathway, and therefore4 pathway, and therefore

Prevent the progression of what is a Prevent the progression of what is a 

Horrible nightmare disease.Horrible nightmare disease.

- Brigid Hogan

Science 273:1170,1996



R206H/FKBP12 (The Fuse)R206H/FKBP12 (The Fuse)

ACVR1 (The Bomb)ACVR1 (The Bomb)

INFLAMINFLAM

(Trigger)(Trigger)

pH/ HypoxiapH/ Hypoxia

(Fuel)(Fuel)

STISTI



ACTIVINACTIVIN-- LIKE KINASESLIKE KINASES

ALK1ALK1 TSR1TSR1 SmadsSmads 1,5,81,5,8

22 ACVR1ACVR1 1,5,81,5,8

33 BMPRIABMPRIA 1,5,81,5,8

44 ACVR1BACVR1B 2,32,3

55 TGFTGF--ββββββββRIRI 2,32,3

66 BMPRIBBMPRIB 1,5,81,5,8

77 ACVR1CACVR1C 2,32,3





ZebrafishZebrafish Embryogenesis Can Be UsedEmbryogenesis Can Be Used

As An In Vivo Screen for BMP ActivityAs An In Vivo Screen for BMP Activity











DorsomorphinDorsomorphin Inhibits BMPInhibits BMP--SmadSmad

Signaling in FOP CellsSignaling in FOP Cells



DMDM--3189 Partly Inhibits H.O.3189 Partly Inhibits H.O.

in Conditional caAlk2 micein Conditional caAlk2 mice

& So Do Corticosteroids& So Do Corticosteroids



R206H/FKBP12 (The Fuse)R206H/FKBP12 (The Fuse)

ACVR1 (The Bomb)ACVR1 (The Bomb)

INFLAMINFLAM

(Trigger)(Trigger)

pH/ HypoxiapH/ Hypoxia

(Fuel)(Fuel)

STISTI

CorticosteroidsCorticosteroids



CTP/ Stem cellCTP/ Stem cell

MicroenviromentMicroenviroment //

NicheNiche

ALTERALTER

MICROENVIROMENTMICROENVIROMENT

BLOCK CTP

BLOCK CTP
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•• EC InhibitorsEC Inhibitors
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ExtrasExtras



My soul would sing of metamorphoses;My soul would sing of metamorphoses;

But since, o gods,But since, o gods,

You were the source of these bodiesYou were the source of these bodies

Becoming other bodies,Becoming other bodies,

Breathe your breath Breathe your breath 

Into my book of changes.Into my book of changes.

--OvidOvid

The MetamorphosesThe Metamorphoses



Contribution of Contribution of MyoDMyoD+ and Tie2++ and Tie2+

Cells to Cells to HeterotopicHeterotopic OssificationOssification

Following Intra muscular Injection of BMP2Following Intra muscular Injection of BMP2









FOP CellsFOP Cells

•• Increased expression of BMP4 Increased expression of BMP4 (NEJM)(NEJM)

•• Failure to Failure to upregulateupregulate BMP4 antagonists BMP4 antagonists (JBJS)(JBJS)

•• Failure to regulate concentration of BMP4Failure to regulate concentration of BMP4

in extracellular space in extracellular space (JBJR)(JBJR)

•• Increased concentration of BMP type IIncreased concentration of BMP type I

receptors at cell surface receptors at cell surface (JBMR)(JBMR)

•• Failure to internalize & degrade BMP type IFailure to internalize & degrade BMP type I

receptors in presence of receptors in presence of ligandligand (JBMR)(JBMR)

•• Basal leakiness of BMP signaling throughBasal leakiness of BMP signaling through

SmadSmad pathway in absence of pathway in absence of ligandligand (JBMR)(JBMR)

•• HyperHyper--responsiveness of BMP signaling throughresponsiveness of BMP signaling through

p38 MAPK pathway in presence on p38 MAPK pathway in presence on ligandligand (JBMR)(JBMR)



ACVR1ACVR1

(R206H)(R206H)

Ectopic Skeletogenesis Great Toe Malformation

Pattern Formation Endochondral Ossification



FOP MUTATION MUST EXPLAINFOP MUTATION MUST EXPLAIN
•• Basal Leakiness of BMP Signaling in absence of Basal Leakiness of BMP Signaling in absence of ligandligand

•• Increased Responsiveness of BMP SignalingIncreased Responsiveness of BMP Signaling

in presence of in presence of ligandligand

•• Decreased BMP Receptor Internalization/ DegradationDecreased BMP Receptor Internalization/ Degradation



How Does the Switch Work?How Does the Switch Work?

FKBP12 may be part of the key !FKBP12 may be part of the key !



GS Domain of ACVR1 Binds FKBP12, WhichGS Domain of ACVR1 Binds FKBP12, Which

•• Prevents basal leakiness in absence of Prevents basal leakiness in absence of ligandligand

•• Induces receptor degradation by acting as an Induces receptor degradation by acting as an 

adaptor molecule for Smad7 adaptor molecule for Smad7 –– Smurf2Smurf2

which promotes receptor which promotes receptor ubiquitinationubiquitination

to terminate signalingto terminate signaling



ACVR1SM-FKBP12 ACVR1 (R206H)SM-FKBP12
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Functional Effects of ACVR1 c.617G>A (R206H) MutationFunctional Effects of ACVR1 c.617G>A (R206H) Mutation

-- in vivo analyses: in vivo analyses: zebrafishzebrafish

Alk8-/-

Alk8-/-
+

mt ACVR1 (c.617A)

mildly 
dorsalized

WT Alk8 normal

Alk8-/-
+

wt ACVR1 (c.617G)

~75% rescue
(shift to more ventral)

ventralized
hyper-activity of
BMP signaling

Shen, Little et al. unpubl.



R206H/FKBP12 (The Fuse)R206H/FKBP12 (The Fuse)

ACVR1 (The Bomb)ACVR1 (The Bomb)

INFLAMINFLAM

(Trigger)(Trigger)

pH/ HypoxiapH/ Hypoxia

(Fuel)(Fuel)
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• Discovered the FOP gene

• Identified major clinical and molecular variants of FOP

From April, 2006 to December 2008, 

members of the FOP Research Consortium

have:



• Modeled the structure of the mutant protein encoded

by the FOP gene and identified a previously unrecognized

and unstable switch enabled by the FOP mutation.

• Demonstrated that the mutant FOP receptor has leakey

BMP signaling at rest and hyperresponsive BMP signaling 

when triggered by inflammatory signals in the cellular

microenvironment.

• Unveiled a key co-conspiratory protein, FKBP12, that

binds less efficiently to the FOP fuse and permits leaky 

signaling in the absence of BMPs



• Recognized that circulating monocytes and tissue

macrophages are critical inflammatory triggers of FOP 

flare- ups

• Revealed progenitor cells of vascular origin that 

contribute to every stage of the FOP lesion

• Showed that hypoxia dramatically enhances BMP 

signaling in FOP cells 



• Rescued a lethal ACVR1 knockout in zebrafish with

the mutant FOP gene and thereby demonstrated functional

overactivity of the FOP gene in an animal model

• Developed a chimeric mouse model of FOP

• Identified a class of compounds that inhibit FOP-like

lesions in animal models and that may serve as a basis

for future drug development



BMP Signaling PathwaysBMP Signaling Pathways

LeakyLeaky HyperHyper--responsiveresponsive



METAMORPHOSISMETAMORPHOSIS

The transformationThe transformation

of one normal tissue of one normal tissue 

into anotherinto another



FOP Is A Stem Cell DiseaseFOP Is A Stem Cell Disease



The Broken SwitchThe Broken Switch



ACVR1ACVR1

(R206H)(R206H)

Ectopic Skeletogenesis Great Toe Malformation

Pattern Formation Endochondral Ossification



FOP Is A Stem Cell DiseaseFOP Is A Stem Cell Disease



Inflammatory Triggers/ SignalsInflammatory Triggers/ Signals

Activate Stem/ Progenitor CellsActivate Stem/ Progenitor Cells



(BMP)(BMP)

(TGF(TGF--β)β)β)β)β)β)β)β)



DmDm--3189 Is A Selective & Potent3189 Is A Selective & Potent

Inhibitor of BMP type I Receptor ActivityInhibitor of BMP type I Receptor Activity


