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M
uscular dystrophies are amongst the most
important genetic muscle diseases and patients
frequently come under the care of a neurologist.

Younger onset muscular dystrophies often result in signif-
icant disability and cardiorespiratory complications may
be fatal. In the last few years there have been significant
advances in the area of gene discovery in muscular dystro-
phy and this has aided diagnosis. Recent research is now
moving from gene discovery to molecular therapy and
here we have focussed on new gene intervention treat-
ments and new treatments to promote muscle regenera-
tion. Important phase I/II trials in these areas are either in
progress or starting.

Diagnosis
For many neuromuscular diseases diagnosis is based on a
combination of clinical features and careful evaluation,
including EMG, muscle biopsy and, increasingly, gene
testing. Standard light microscopy of a biopsy for diagno-
sis in muscular dystrophy is now inadequate and careful
immunohistochemical evaluation using a range of specif-
ic antibodies is mandatory to advance to a precise genetic
diagnosis - especially in the limb girdle muscular dystro-
phies. The discovery of causative genes in this group of
muscular disorders has led to more accurate diagnosis,
clinical management and genetic counselling1 (Tables 1
and 2). The recognition of important phenotype-geno-
type relationships allows selection of patients at risk of
cardiorespiratory complications, facilitating early inter-
vention which prolongs life. An accurate genetic diagnosis
can enable prenatal diagnosis in carefully selected cases.

New treatment trials in muscular dystrophy
- Gene therapy and satellite cell stimulation
Recently two new treatment approaches for muscular dys-
trophy have reached the stage of phase I/II clinical trials.
The first group are new gene therapy approaches in
Duchenne muscular dystrophy and the second is the
modulating of muscle myostatin levels.

Several gene therapy approaches have been developed
in Duchenne muscular dystrophy (DMD); these include
exon skipping, transfection of truncated dystrophin mini-
genes using viral vectors and “read through” of premature
stop codons by small molecules that suppress stop
codons. Recognition of myostatin as an inhibitor of mus-
cle growth has led to the development of myostatin anti-
bodies that knock down myostatin production in muscle.
There is much interest in the potential of myostatin sup-

pression as a treatment in a range of genetic muscle dis-
eases including muscular dystrophy.

Duchenne muscular dystrophy
Duchenne muscular dystrophy (DMD) is the commonest
muscular dystrophy, affecting 1 in 3 500 live male births.2

It is an X-linked recessive disorder due to mutations in the
dystrophin gene that encode the subsarcolemmal protein
dystrophin leading to a lack of dystrophin expression in
skeletal and cardiac muscle. It is a progressive muscle
wasting disease and death usually occurs in the third
decade from respiratory or cardiac muscle involvement.
Animal models which also lack dystrophin expression due
to premature stop codons in the dystrophin gene have
been used extensively to research this disease. The mdx
mouse, although having an almost total lack of dys-
trophin, has a milder phenotype than that seen in
humans, with an almost normal life span.3 Thus some
caution has to be used when considering how results of
trials in mice may relate to human disease. For this reason
the mdx dog is often used in treatment trials as its pheno-
type is much closer to that seen in boys, with a reduced
lifespan resulting from cardiac or respiratory involve-
ment. Furthermore, the muscle mass of the dog is more
comparable to that of a child with DMD.3

Exon skipping
Mutations of the dystrophin gene in DMD often disrupt
the reading frame, resulting in no production of the key
membrane structural protein dystrophin. In contrast
mutations in the dystrophin gene found in the milder
Becker Muscular Dystrophy (BMD) typically do not dis-
rupt the reading frame and there is some production of a
semi-functional dystrophin protein, hence the milder
phenotype.4 The recognition that a significantly truncated
dystrophin gene could still produce a functional protein
led to the concept of skipping mutated exons in DMD as
a therapeutic strategy. In the last few years morpholino
anti-sense oligonucleotides have been developed in DMD
to do just this with resultant restoration of the reading
frame and increased production of dystrophin.
Intramuscular delivery of such oligonucleotides in experi-
ments with the mdx mouse model of DMD confirmed a
transient local production of the dystrophin protein with
no significant immune response.5 More recently, systemic
delivery to the mdx mouse has produced dystrophin
expression in all skeletal muscles with functional improve-
ment, although expression was not uniformly seen.6 To
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LGMD Chromosome Gene Protein Additional Clinical Features

1A 5q22-q34 Myotilin Myotilin Dysarthria
Cardiomyopathy

1B 1q11-q21 Laminin A/C* Laminin A/C Cardiomyopathy

1C 3p25 Caveolin-3 Caveolin-3 Calf Hypertrophy
Rippling muscle disease

1D 6q23 Unknown Unknown Cardiac arrhythmias and cardiomyopathy

1E 7q Unknown Unknown Dysphagia
No associated systemic features

* Mutations in the Laminin A/C gene are also known to cause Emery-Dreifuss Muscular Dystrophy Type 2, Familial Partial
Lipodystrophy and peripheral neuropathy.

Table 1: The Dominantly Inherited Limb Girdle Muscular Dystrophies
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date none of the experiments with anti-sense
oligonucleotides have altered dystrophin
expression in the heart. The advantages of this
approach are that, in animal models, they have
proven to be beneficial without any significant
adverse effects or unwanted immune response.
The limitations are that the beneficial effects
seem to be limited to skeletal muscle and do not
include the heart. Due to their transient nature
repeated doses are required and the long-term
effects of this are not known. The oligonu-
cleotides required to achieve skipping have to be
specifically synthesised and tailored to the exact
deletion in the dystrophin gene in each patient.
This underlines the need to have detailed data
bases of carefully genotyped patients as an
essential requirement for such translational
research efforts. Clinical trials employing intra-
muscular injections of anti-sense oligonu-
cleotides in boys with DMD are now underway
in the UK and Europe.7

Viral vectors
Another approach to restore some functioning
dystrophin to the muscle fibre membrane has
been to use viral vectors to deliver ‘mini’ or
‘micro’ dystrophin genes. Several viral vectors
have been tried but currently adeno-associated
viruses are the vectors of choice because of their
low pathogenicity in humans and their ability
to cross the vascular endothelium and enter
skeletal muscle when injected intravenously.8

Intravenous administration in the mdx mouse
of an rAAV6 – microdystrophin produced uni-
form distribution of dystrophin not only in

skeletal muscles but also in the heart without
provoking an immune response. An improve-
ment in skeletal muscle function and prolonged
life expectancy was also observed.9 Extension of
experiments to canine models however pro-
voked a profound T-cell mediated immunolog-
ical response to the AAV capsid proteins follow-
ing IM injection of AAV-mediated transgenes
with inhibition of long-term transgene expres-
sion.10,11 A recent study has indicated that tran-
sient immunosuppression may limit the reac-
tion and prevent disruption of transgene
expression. This was achieved in canines but
required an aggressive immunosuppressant
regime of anti-thymocyte globulin,
cyclosporine and mycophenolate.12 

The advantages of the viral vector approach
are that uniform expression of dystrophin can
be achieved in all skeletal muscles and in the
cardiac muscle. There is also prolonged trans-
gene expression, although the exact duration is
unclear; it is not considered to be infinite. The
major disadvantage is the possibility of a simi-
lar immunogenic response that is observed in
canines being found in humans. Another
potential limitation to clinical use is the cur-
rent large number of viral particles required to
produce a single effective human dose.13

Clinical trials are currently underway in France
and the USA in limb girdle muscular dystrophy
(LGMD) 2C and DMD using viral vectors for
transgene delivery .14

Read through of stop codons
A third approach in the treatment of DMD has

been to consider read through of premature
stop codons which could potentially benefit the
10-15% of BMD cases with stop codon muta-
tions. Aminoglycosides are known to achieve
this by preventing nonsense mediated mRNA
decay leading to increased protein production,
but their use is limited by their oto- and
nephrotoxicity. This observation however led to
the development of PTC124, a new drug that
selectively promotes read through of premature
stop codons without affecting normal non-pre-
mature stop codons.15 Trials in the mdx mouse
confirmed increased dystrophin production in
all skeletal muscles tested and the heart with
accompanying improvement in muscle func-
tion and lack of adverse events. Clinical trials
are now underway. 

Myostatin
In 1997 a new member of the transforming-
growth factor β family of growth and differen-
tiation factors was discovered. Initially labelled
as growth/differentiation factor-8 (GDF-8),
studies in mice demonstrated a specific effect
on skeletal muscle, with null animals exhibiting
a uniform dramatic increase in skeletal muscle
mass. This negative inhibitor of skeletal muscle
growth therefore became known as myostatin.16

It was predicted that blocking myostatin could
be used to increase muscle mass in muscle
wasting diseases. Animal studies tested this by
weekly intraperitoneal injections of myostatin
antibodies in the mdx mouse for three months.
Treated mice displayed a significant increase in
skeletal muscle mass and strength, with reduc-

Research is moving from gene discovery to molecular therapy

LGMD Chromosome Gene Protein Additional Clinical Features

2A 15q15.1-q21.1 Calpain-3 Calpain-3 Distribution of weakness cf. FSHD (scapular,pelvis,trunk). Contractures can occur.
Cardiac involvement rare.

2B 2p13 Dysferlin* Dysferlin Gastrocnemius wasting. Cardiac involvement rare.

2C 13q12 γ-sarcoglycan γ-sarcoglycan Phenotype can be similar to Duchenne Muscular Dystrophy. Respiratory Involvement.
Cardiac involvement. Neurosensory hearing loss. Death can occur in 2nd decade.

2D 17q12-q21.3 α-sarcoglycan α-sarcoglycan Earlier onset more aggressive than later onset. Cardiomyopathy.

2E 4q12 β-sarcoglycan β-sarcoglycan Can be severe phenotype. Can be wheelchair bound in teens. Calf hypertrophy.
Cardiomyopathy.

2F 5q33-34 δ-sarcoglycan δ-sarcoglycan Can be severe phenotype. Calf hypertrophy. Can be wheelchair bound in teens.
Death can occur in 2nd decade. Cardiomyopathy.

2G 17q11-12 Telethonin (Titin Cap) Telethonin Foot drop. Cardiac involvement. 

2H 9q31-q34.1 TRIM-32 TRIM 32 Variable but generally mild phenotype. Facial weakness.

2I 19q13.3 FKRP gene FKRP Respiratory failure. Cardiomyopathy. Calf hypertrophy.

2J 2q31 Titin Titin Anterior tibial wasting. No cardiomyopathy reported.

2K 9q34.1 POMT-1 POMT-1 Childhood onset. Contractures. Severe mental handicap.

2L 9q31 Fukutin Fukutin Infantile onset. Respiratory and cardiac involvement can occur.

2M 11p13 Unknown Unknown Exercise induced myalgia.

2N 19q13 POMT-2 POMT-2 Variable phenotype. Learning difficulties can occur.

*Dysferlin gene mutations are also known to cause Miyoshi Distal Myopathy.

Table 2: The Recessively Inherited Limb Girdle Muscular Dystrophies
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tion in serum creatinine kinase to almost con-
trol levels.17

The prospect of myostatin inhibition being
used as a therapeutic agent for muscle atrophy
from any cause is an exciting one but there may
be potential problems with this approach. For
example, one recent study evaluating disuse
atrophy found that myostatin knockout mice
actually lost more muscle mass than control
mice.18 It is clear that myostatin inhibits muscle
growth but there are many regulatory factors of
myostatin itself and as such its exact role
remains to be fully explored.19 The potential for
treatment of muscle atrophy due not only to
primary muscle disease but also secondary to
systemic illness, drugs or disuse is very attrac-
tive, especially for the pharmaceutical industry.
However, further work is required to clarify
myostatin’s specific action in these different
mechanisms of muscle damage. The results of a
recent Phase II trial in humans with LGMD are
awaited.

Conclusion
Recent advances in the genetics of muscular
dystrophy have shown that the discovery of
causative genes combined with the study of
molecular disease mechanisms can identify new
therapeutic paradigms. The potential patient
benefit of the gene therapy and myostatin path-
way manipulation approaches outlined may be
significant provided safety can be proved in
appropriate trials. Perhaps most promising of
all is that some of these approaches, e.g. stop

codon suppression and myostatin pathway
manipulation, may have therapeutic potential
in a number of different muscular dystrophies
and genetic muscle diseases. We are now enter-
ing an era of clinical trials for genetic muscle
diseases.20

References

1. Norwood F, de VM, Eymard B, Lochmuller H, Bushby
K. EFNS guideline on diagnosis and management of limb
girdle muscular dystrophies. Eur J Neurol
2007;14(12):1305-12.

2. Rodino-Klapac LR, Chicoine LG, Kaspar BK, Mendell
JR. Gene therapy for duchenne muscular dystrophy: expec-
tations and challenges. Arch Neurol 2007;64(9):1236-41.

3. Collins CA, Morgan JE. Duchenne's muscular dystrophy:
animal models used to investigate pathogenesis and devel-
op therapeutic strategies. Int J Exp Pathol
2003;84(4):165-72.

4. England SB, Nicholson LV, Johnson MA, et al. Very mild
muscular dystrophy associated with the deletion of 46% of
dystrophin. Nature 1990;343(6254):180-2.

5. Lu QL, Mann CJ, Lou F, et al. Functional amounts of dys-
trophin produced by skipping the mutated exon in the
mdx dystrophic mouse. Nat Med 2003;9(8):1009-14.

6. Alter J, Lou F, Rabinowitz A, et al. Systemic delivery of
morpholino oligonucleotide restores dystrophin expression
bodywide and improves dystrophic pathology. Nat Med
2006;12(2):175-7.

7. Muntoni F, Wells D. Genetic treatments in muscular dys-
trophies. Curr Opin Neurol 2007;20(5):590-4.

8. Gregorevic P, Blankinship MJ, Allen JM, et al. Systemic
delivery of genes to striated muscles using adeno-associat-
ed viral vectors. Nat Med 2004;10(8):828-34.

9. Gregorevic P, Allen JM, Minami E, et al. rAAV6-micrody-
strophin preserves muscle function and extends lifespan in
severely dystrophic mice. Nat Med 2006;12(7):787-9.

10. Yuasa K, Yoshimura M, Urasawa N, et al. Injection of a
recombinant AAV serotype 2 into canine skeletal muscles
evokes strong immune responses against transgene prod-
ucts. Gene Ther 2007;14(17):1249-60.

11. Wang Z, Allen JM, Riddell SR, et al. Immunity to adeno-
associated virus-mediated gene transfer in a random-bred
canine model of Duchenne muscular dystrophy. Hum
Gene Ther 2007;18(1):18-26.

12. Wang Z, Kuhr CS, Allen JM, et al. Sustained AAV-medi-
ated dystrophin expression in a canine model of Duchenne
muscular dystrophy with a brief course of immunosup-
pression. Mol Ther 2007;15(6):1160-6.

13. Rodino-Klapac LR, Chicoine LG, Kaspar BK, Mendell
JR. Gene therapy for duchenne muscular dystrophy: expec-
tations and challenges. Arch Neurol 2007;64(9):1236-41.

14. Muntoni F, Wells D. Genetic treatments in muscular dys-
trophies. Curr Opin Neurol 2007;20(5):590-4.

15. Welch EM, Barton ER, Zhuo J, et al. PTC124 targets
genetic disorders caused by nonsense mutations. Nature
2007;447(7140):87-91.

16. McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal
muscle mass in mice by a new TGF-beta superfamily
member. Nature 1997;387(6628):83-90.

17. Bogdanovich S, Krag TO, Barton ER, et al. Functional
improvement of dystrophic muscle by myostatin blockade.
Nature 2002;420(6914):418-21.

18. McMahon CD, Popovic L, Oldham JM, et al. Myostatin-
deficient mice lose more skeletal muscle mass than wild-
type controls during hindlimb suspension. Am J Physiol
Endocrinol Metab 2003;285(1):E82-7.

19. Patel K, Amthor H. The function of Myostatin and strate-
gies of Myostatin blockade-new hope for therapies aimed
at promoting growth of skeletal muscle. Neuromuscul
Disord 2005;15(2):117-26.

20. Muntoni F, Wells D. Genetic treatments in muscular dys-
trophies. Curr Opin Neurol 2007;20(5):590-94.

Neurogenetics Article

...autism… drug addiction…
memory… nanotechnology…

identity… consciousness…
Alzheimer’s disease… stem cells…
motor neurone disease… pain…

dyslexia… ageing… genius…
learning… alcoholism… 

Every March the European

Dana Alliance for the

Brain (EDAB) coordinates

Brain Awareness Week, 

a major collaboration

celebrating the wonders

of the brain and brain

research through

hundreds of public 

events worldwide.

Brain Awareness Week
10 – 16 March 2008

EDAB is an organisation that is committed to enhancing the
public’s understanding of why brain research is so important.

THE EUROPEAN
DANA ALLIANCE
FOR THE BRAIN

To find out more, visit our website
www.edab.net or contact EDAB by
phone on +44 20 7019 4914, or by
email enquiries@edab.net

D
r 

Fa
bi

o 
C

ar
ni

el
lo

National Brain Science Writing Prize 2008
Launching 10 March 2008 in Brain Awareness Week

Do you have a passion for brains? 
Could you write a newspaper-style article celebrating 
the amazing world of brain science?

At-Bristol, the European Dana Alliance for the Brain and the 
British Neuroscience Association have joined forces with Focus 
magazine to find the best brain communicators in the country!

Visit the website for details of prizes and how to enter.

www.youramazingbrain.org




