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Duchenne muscular dystrophy
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CauseCause: : nono functionalfunctional dystrophindystrophin proteinprotein

ConsequenceConsequence: : DuchenneDuchenne

?



Overview
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•• WhatWhat is is functionfunction of of dystrophindystrophin proteinprotein

•• WhatWhat happens happens whenwhen therethere is is nono dystrophindystrophin??

•• HowHow cancan therapeutictherapeutic approachesapproaches prevent/prevent/delaydelay
thisthis processprocess??

•• GeneticGenetic approachesapproaches

•• Drugs Drugs 



Genes and proteins
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•• ProteinsProteins building building blocksblocks of of ourour bodybody

•• GenesGenes containcontain blueprintblueprint forfor proteinsproteins

•• MistakeMistake in gene in gene  mistakemistake in in proteinprotein

•• GenesGenes have a volume switch have a volume switch 

OnlyOnly onon in in necessarynecessary tissuetissue

•• DystrophinDystrophin proteinprotein has has functionfunction in in musclemuscle

•• MistakeMistake in in dystrophindystrophin musclemuscle problemsproblems



Muscles
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•• 3030‐‐40% of 40% of ourour body body consistsconsists of of musclemuscle

•• MusclesMuscles cancan growgrow biggerbigger and smallerand smaller

•• MusclesMuscles useuse lot of lot of energyenergy

•• OnlyOnly maintainedmaintained whenwhen neededneeded

•• MusclesMuscles damageddamaged afterafter excessiveexcessive exerciseexercise

•• MusclesMuscles veryvery efficientefficient at at repairingrepairing damagedamage

 BiggerBigger whenwhen neededneeded



Dystrophin
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•• DystrophinDystrophin provides provides stabilitystability to to musclemuscle cellscells duringduring
exerciseexercise

•• Link Link betweenbetween skeletonskeleton insideinside musclemuscle cellcell and and 
connectiveconnective tissue tissue outsideoutside musclemuscle cellcell

•• Link lost: Link lost: musclemuscle cellscells damageddamaged duringduring exerciseexercise

•• RepairRepair system system cannotcannot keep upkeep up

•• Loss of Loss of musclemuscle massmass and and musclemuscle functionfunction



Dystrophin
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DystrophinDystrophin



Duchenne: no functional dystrophin

Annemieke Aartsma-Rus



No functional dystrophin
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Leaky muscle fibers

Calcium leaks into fibers

More muscle damage

Inflammation

Scar tissue 

Less muscle regeneration

Loss of muscle fibers
Loss of muscle function

Damage energy 
producing organels

Activation 
proteases

No dystrophin



Therapeutic approaches
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•• Gene Gene therapytherapy

•• CellCell therapytherapy

•• GeneticGenetic therapytherapy

•• ExonExon skippingskipping

•• Stop codon Stop codon readthroughreadthrough

•• Drug Drug therapytherapy

•• UtrophinUtrophin upregulationupregulation

•• MyostatinMyostatin inhibitioninhibition

Restore/compensate
for dystrophin

More muscle mass



Gene Therapy
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•• AddAdd functionalfunctional gene to gene to musclemuscle cellscells patientspatients

•• DystrophinDystrophin proteinprotein made made fromfrom newnew genegene

•• ApplicableApplicable to ALL to ALL patientspatients

•• GenesGenes locatedlocated in nucleus in nucleus cellscells

•• HowHow to to getget gene gene intointo ((majoritymajority) nuclei of ) nuclei of musclemuscle
cellscells??



Gene Therapy
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Gene Therapy
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VirusVirus

•• SmallSmall organismorganism thatthat injectsinjects geneticgenetic informationinformation
intointo cellscells

•• UseUse to to deliverdeliver dystrophindystrophin genegene

•• AdaptAdapt

•• RemoveRemove virus virus genesgenes ((pathogenicpathogenic))

•• AddAdd newnew gene (gene (dystrophindystrophin))



Gene Therapy
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WhichWhich virus?virus?

•• Most Most virusesviruses do do notnot infectinfect musclemuscle tissuetissue

•• MuscleMuscle cellscells do do notnot dividedivide oftenoften

•• Lot of Lot of connectiveconnective tissue (filters out tissue (filters out virusesviruses))

•• ExceptionException: : adenoadeno‐‐associatedassociated virus (AAV)virus (AAV)

•• PreferencePreference forfor musclemuscle

•• NotNot pathogenicpathogenic in manin man



Gene Therapy
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•• VeryVery smallsmall (20 (20 nmnm, 0.00002 mm), 0.00002 mm)

•• CapacityCapacity: 4.500 DNA subunits: 4.500 DNA subunits

•• DystrophinDystrophin gene: 2.200.000 DNA subunits gene: 2.200.000 DNA subunits 

•• GeneticGenetic code gene: 14.000 subunitscode gene: 14.000 subunits

•• RemoveRemove part part fromfrom geneticgenetic codecode

•• OnlyOnly essentialessential partsparts remainremain



Gene Therapy
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Gene Therapy
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•• AAV AAV microdystrophinmicrodystrophin testedtested in in mdxmdx mousemouse modelmodel

•• MicrodystrophinMicrodystrophin detecteddetected in in musclemuscle!!

•• ImprovedImproved musclemuscle functionfunction and and qualityquality!!

•• TestedTested in in DuchenneDuchenne dog modeldog model

•• Immune Immune problemsproblems (virus)(virus)

•• AAV AAV alsoalso inducesinduces immune immune problemsproblems in in humanshumans



Gene Therapy
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ClinicalClinical trialstrials

•• SafetySafety studystudy in in DuchenneDuchenne patientspatients

•• 2006/7, USA: 2006/7, USA: locallocal injectioninjection biceps biceps 
((MendellMendell,,SamulskiSamulski, , XiaoXiao XiaoXiao))

•• Immune response!Immune response!

•• DystrophinDystrophin in 2/6 in 2/6 patientspatients (low (low levelslevels))

•• Prepare Prepare forfor biggerbigger trial (trial (wholewhole musclemuscle treatmenttreatment))

•• ChamberlainChamberlain alsoalso preparing trial  preparing trial  



Gene Therapy
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Immune Immune problemproblem

•• OtherOther AAV subtypes AAV subtypes maymay notnot bebe recognizedrecognized byby
immune systemimmune system

•• Immune Immune suppressionsuppression

•• OnlyOnly beforebefore and and immediatelyimmediately afterafter treatmenttreatment??

•• UseUse onlyonly DNA (Jon Wolff, France)DNA (Jon Wolff, France)



Cell therapy
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Muscle stem cells

•• IsolateIsolate musclemuscle stem stem cellscells fromfrom healthyhealthy donordonor

•• ExpandExpand outsideoutside the body (culture in lab)the body (culture in lab)

•• Transplant Transplant intointo patientspatients



Cell therapy
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ProblemProblem

•• Immune response (Immune response (suppresssuppress))

•• MuscleMuscle stem stem cellscells do do notnot migratemigrate fromfrom
bloodstreambloodstream intointo musclemuscle

•• MuscleMuscle stem stem cellscells do do notnot migratemigrate IN IN musclemuscle
((staystay close to close to injectioninjection site)site)

•• Multiple Multiple injectionsinjections
((TremblayTremblay, Canada), Canada)



Cell therapy
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OtherOther stem stem cellscells

•• E.g. E.g. bloodblood, , bloodblood vesselvessel and and adipseadipse (fat) stem (fat) stem cellscells
cancan becomebecome musclemuscle cellscells

•• CanCan migratemigrate fromfrom bloodblood intointo musclemuscle

•• Efficiency Efficiency currentlycurrently veryvery lowlow

•• MesangioblastsMesangioblasts and CD133+ and CD133+ cellscells promisingpromising (more (more 
efficientefficient))

•• Trials Trials plannedplanned forfor earlyearly 2011 (2011 (ItalyItaly) ) 

•• AutologousAutologous stem stem cellscells alsoalso studiedstudied ((nono immunityimmunity))



Exon skipping
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NormalNormal DuchenneDuchenne



Gene  Protein
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DNA

Protein factory

Temporary gene copy (RNA)

Cell nucleus

Cell body
(cytoplasm)



Dystrophin gene
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Splicing
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ExonsExons IntronsIntrons
1

3
5

6

7 Gene (DNA)Gene (DNA)

RNA RNA copycopy (pre (pre mRNAmRNA))

messenger RNAmessenger RNA

1 - - - - - - - - - 79  

dystrophindystrophin proteinprotein

SplicingSplicing

2

4

3 4 5 6 71 2
1 2 3 4 5 6 7 8



Duchenne: genetic code disrupted
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Duchenne: genetic code disrupted

Annemieke Aartsma-Rus

Protein translation stops prematurelyProtein translation stops prematurely

DystrophinDystrophin not functionalnot functional

Exon 46 Exon 47 Exon 51 Exon 52?



Becker: genetic code maintained
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Becker: genetic code maintained
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Protein translation continuesProtein translation continues

DystrophinDystrophin partly functionalpartly functional
Less damageLess damage

Exon 46 Exon 47 Exon 52 Exon 53



Exon skipping: restore genetic code
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Exon skipping
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MarkerMarker ‐‐AONAON +AON+AON

Exon 47 Exon 52

Exon 47 Exon 51 Exon 52



Exon skipping
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‐‐AONAON

+AON+AON

1 day1 day 4 days4 days 1 week1 week
Control Control 
(diluted)(diluted)



Exon skipping
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‐AON

+AON +AON



Applicability

Annemieke Aartsma-Rus Aartsma‐Rus Hum Mutat 2009, 30:293‐9

hotspot



Intramuscular trial (Prosensa)

Annemieke Aartsma-Rus Van Deutekom NEJM 2007; 357: 2677‐86

0.8 mg  in TA



Intramuscular trial (AVI)
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•• TwoTwo doses doses testedtested (0.09 and 0.9 mg)(0.09 and 0.9 mg)

•• EDB EDB musclemuscle

•• ExonExon skipskip in all dosesin all doses

•• DystrophinDystrophin restorationrestoration onlyonly forfor high high dosedose



Intramuscular trials
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•• ExonExon skippingskipping observedobserved in all in all patientspatients

•• No No toxictoxic effectseffects observedobserved!!

•• DystrophinDystrophin levelslevels veryvery comparablecomparable

1717‐‐35% 35% vsvs 2222‐‐32%32%

•• NumberNumber of of dystrophindystrophin positivepositive cellscells comparablecomparable

6464‐‐97% 97% vsvs 4444‐‐79%79%

•• SystemicSystemic treatmenttreatment neededneeded



Systemic trials
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ProsensaProsensa trial (trial (BelgiumBelgium//SwedenSweden))

•• 12 12 patientspatients, 4 , 4 dosedose groupsgroups (0.5, 2, 4 & 6 mg/kg)(0.5, 2, 4 & 6 mg/kg)

•• SubcutaneousSubcutaneous weeklyweekly injectionsinjections forfor 4 weeks4 weeks

•• 6 6 monthmonth extensionextension trial trial ongoingongoing (6 mg/kg/week)(6 mg/kg/week)

AVI trialAVI trial

•• 19 19 patientspatients, 6 , 6 dosedose groupsgroups (0.5, 1, 2, 4, 10 & 20 mg/kg)(0.5, 1, 2, 4, 10 & 20 mg/kg)

•• IntravenousIntravenous weeklyweekly injectionsinjections forfor 12 weeks12 weeks

•• ExtensionExtension trial trial plannedplanned



Systemic trial results
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ProsensaProsensa trial trial 

•• DystrophinDystrophin restorationrestoration in a in a dosedose dependentdependent wayway

•• HomogeneousHomogeneous stainingstaining

•• No No toxictoxic effectseffects observedobserved

•• ExtensionExtension trial trial ongoingongoing



Systemic trial results
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AVI trial AVI trial 

•• DystrophinDystrophin restorationrestoration

•• Response Response differsdiffers withinwithin dosedose groupsgroups

•• ThreeThree patientspatients respondrespond veryvery wellwell (2, 10 & 20 mg/kg)(2, 10 & 20 mg/kg)

Up to 50% Up to 50% dystrophindystrophin positivepositive fibers fibers highesthighest dosedose!!

•• No No toxicitytoxicity observedobserved



Planned/ongoing trials
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•• ExonExon 51 51 skippingskipping

•• Non ambulant trial Non ambulant trial plannedplanned ((ProsensaProsensa))

•• DoseDose findingfinding trial trial plannedplanned ((ProsensaProsensa))

•• PhasePhase 3 trials 3 trials plannedplanned (GSK/(GSK/ProsensaProsensa))

•• ExonExon 44 44 skippingskipping PhasePhase I/II I/II startedstarted ((ProsensaProsensa))

•• ExonExon 45 45 skippingskipping trial trial plannedplanned ((MatsuoMatsuo, Japan), Japan)

•• OptimizationOptimization otherother exonsexons ongoingongoing

•• DialogueDialogue withwith regulatoryregulatory agenciesagencies initiatedinitiated



PTC124/ataluren
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1 79



PTC124/ataluren
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PTC124/ataluren
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1 79

PTC

Cell ignores new stop signalCell ignores new stop signal
Complete protein is madeComplete protein is made



PTC124/Ataluren
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•• TestedTested in in patientpatient‐‐derivedderived cellscells

•• TestedTested in in mdxmdx mousemouse modelmodel

•• DystrophinDystrophin restorationrestoration

ControlControl MdxMdx Mdx + PTC124Mdx + PTC124

Welch et al, Nature 2007, 447: 87‐91



PTC124/Ataluren
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•• TestedTested in in healthyhealthy controlscontrols: safe: safe

•• TestedTested in 28 in 28 patientspatients ((dosedose findingfinding))

•• SafeSafe

•• IncreasedIncreased dystrophindystrophin expressionexpression

•• TestedTested in 174 in 174 patientspatients in 48 week trialin 48 week trial

•• Placebo, high Placebo, high dosedose and low and low dosedose

•• Safe!Safe!

•• No significant No significant differencedifference in in primaryprimary outcomeoutcome (6MWT)(6MWT)

•• DystrophinDystrophin levelslevels? (? (analysisanalysis pending)pending)



PTC124/Ataluren
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•• TestedTested in in healthyhealthy controlscontrols: safe: safe

•• TestedTested in 28 in 28 patientspatients ((dosedose findingfinding))

•• SafeSafe

•• IncreasedIncreased dystrophindystrophin expressionexpression

•• TestedTested in 174 in 174 patientspatients in 48 week trialin 48 week trial

•• Placebo, high Placebo, high dosedose and low and low dosedose

•• Safe!Safe!

•• No significant different in No significant different in primaryprimary outcomeoutcome (6MWT)(6MWT)

•• DystrophinDystrophin levelslevels? (? (analysisanalysis pending)pending)



Utrophin upregulation
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DystrophinDystrophin UtrophinUtrophin

MuscleMuscle NerveNerve



Utrophin upregulation
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•• UtrophinUtrophin resembles resembles dystrophindystrophin

•• UtrophinUtrophin cancan taketake over over dystrophindystrophin functionfunction

•• ExpressedExpressed in in nervenerve cellscells, , hardlyhardly in in musclemuscle

•• FindFind waysways to turn to turn onon utrophinutrophin gene in gene in musclemuscle cellscells

Utrophin gene volume switch

Screen drugs to Screen drugs to findfind oneone thatthat ““fitsfits”” onon the volume switchthe volume switch
and switches and switches itit onon



Utrophin upregulation
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•• Screen Screen forfor drugs drugs thatthat cancan turn up turn up utrophinutrophin volume volume 
switchswitch

•• High High throughputthroughput screeningscreening in in cellcell models models 
((thousandsthousands!)!)

•• PotentialPotential drugs drugs screenedscreened furtherfurther in in patientpatient‐‐derivedderived
cellcell cultures and cultures and mousemouse modelsmodels

•• CandidateCandidate drug drug currentlycurrently testedtested in in healthyhealthy
volunteersvolunteers (BMN195) (BMN195) byby BiomarineBiomarine



Myostatin inhibition
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Muscle

Muscle growth factorsMuscle growth factors

Muscle

Muscle growth inhibitorsMuscle growth inhibitors



Myostatin inhibition
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Muscle

Muscle growth factorsMuscle growth factors

Muscle

Muscle growth inhibitorsMuscle growth inhibitors



Myostatin inhibition
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Muscle
Growth

Muscle growth factorsMuscle growth factors

Muscle

Muscle growth inhibitorsMuscle growth inhibitors



Myostatin inhibition
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•• MyostatineMyostatine inhibits muscle growthinhibits muscle growth

•• Animals/human without Animals/human without myostatinmyostatin: muscular!: muscular!

•• Inhibit Inhibit myostatinmyostatin increase muscle sizeincrease muscle size

•• Compensate loss of muscle in patients Compensate loss of muscle in patients 



Myostatin inhibition
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Muscle
Growth

NormalNormal MyostatinMyostatin inhibitioninhibition

Muscle



Myostatin inhibition
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Acceloron generated potent myostatin antibody
Tested in healthy mouse
• More muscle and less fat
Mdx mice
• More muscle and less fat
• Stronger muscle



Myostatin inhibition
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Tested in healthy volunteers

• Well tolerated

• Increased muscle mass

• 1 kg in 2 weeks for highest dose (5% increase!)

• Multiple doses also well tolerated



Summary/Outlook

•• Lack of Lack of dystrophindystrophin underlies problems in underlies problems in 
DuchenneDuchenne patientspatients

•• Therapies aim to tackle one or more of these Therapies aim to tackle one or more of these 
problemsproblems

•• Lot is known about disease Lot is known about disease  primarily due to primarily due to 
research funded by patient advocacy groupresearch funded by patient advocacy group

•• Due to improved care life expectancy is increased Due to improved care life expectancy is increased 
from ~16 to ~30!from ~16 to ~30!
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