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Summary: Fourteen years ago, the first disease-causing mu-
tation in a form of autosomal recessive limb-girdle muscular
dystrophy was reported. Since then the number of genes has
been extended to at least 14 and the phenotypic spectrum has
been broadened. The generation of mouse models helped to
improve our understanding of the pathogenesis of the dis-
ease and also served to study therapeutic possibilities. All
autosomal recessive limb-girdle muscular dystrophies are
rare diseases, which is one reason why there have been so
very few controlled clinical trials. Other reasons are insuf-

ficient natural history data and the lack of standardized
assessment criteria and validated outcome measures. Cur-
rently, therapeutic possibilities are mainly restricted to
symptomatic treatment and the treatment of disease compli-
cations. On the other hand, new efforts in translational research
and the development of molecular therapeutic approaches suggest
that more promising clinical trials will be carried out in autosomal
recessive limb-girdle muscular dystrophy in the next several years.
Key Words: Limb-girdle muscular dystrophy, sarcoglycan,
calpain 3, dysferlin, dystroglycan.

INTRODUCTION

The recognition of the various different genetic enti-
ties within the group of autosomal recessive limb-girdle
muscular dystrophies (LGMD2) has allowed the defini-
tion of the typical clinical features and key management
implications for each of the subtypes (Table 1). The pheno-
typic spectrum for most of the disorders has also been
well-characterized, but the systematic collection of nat-
ural history data is still incomplete. Although the differ-
ent forms of LGMD2 vary somewhat in different popu-
lations, they remain individually rare, with all of the
challenges inherent to rare diseases in terms of planning
therapeutic trials. As a key step in the development of
therapies for LGMD2, mammalian animal models have
been established for many of the LGMD2 subtypes.1

Recently, the zebra fish has also received increasing
attention as a model organism to investigate genes in-
volved in muscle development and degeneration, and as
a model for muscular dystrophy.2–4 The full character-
ization of the various animal models for LGMD2, and an

understanding of the relevance of outcome measures in
them, however, has to date received scanty attention, so
that reported functional gains in these models in response
to therapeutic approaches can be difficult to interpret.
Nonetheless, animal models allow ready demonstration
of the proof of principle of treatment strategies like gene
replacement, and indeed there has been progress to early
human studies for some forms of LGMD2 based on
animal model experiments. Although there remain sig-
nificant difficulties in envisaging the progress to large-
scale gene replacement strategies, in particular the scal-
ing up of production facilities, understanding any likely
immune response and enabling systemic delivery, many
of the other strategies under development for other forms
of muscular dystrophy are potentially referable to
LGMD2, as well. For example, the proof of principle of
the mesangioblast-derived stem cell approach was ini-
tially tried in an animal model of sarcoglycanopathy,5

although further studies have concentrated on models
of dystrophinopathy. Patients with different forms of
LGMD2 were involved in the human study of myostatin
inhibition via a myostatin antibody (MYO029),6 and al-
though the results of this trial did not support further
development of this agent for muscular dystrophy, other
methods for downregulating myostatin are under devel-
opment and again may have relatively broad applicability.
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The application of antisense oligonucleotide-mediated exon
skipping is likely to be limited in the LGMD2 genes as
their protein products lack the “modular” structure of
dystrophin and truncated proteins will not be functional.
Premature stop codon suppression, used as a novel ther-
apeutic approach in Duchenne muscular dystrophy,7 will
also be limited by the fact that for the majority of
LGMD2, the disease-associated mutations are predomi-
nantly missense rather than nonsense (see http://www.
dmd.nl/).
Assembling adequate numbers of patients in any of

these diagnostic categories for meaningful clinical trials
will be a further challenge, although potentially aided by
the development of patient registries (see http://www.
treat-nmd.eu/healthcare/patient-registries/rare/). More system-
atic natural history studies for many of these conditions
will also be necessary to establish and interpret the ap-
propriate outcome measures for human trials.

SYMPTOMATIC TREATMENT STRATEGIES
IN LGMD2

Currently the care of patients with LGMD2 mainly
involves symptomatic treatment strategies and support-
ive measures, as well as the treatment of disease com-
plications. In LGMD2 progressive skeletal muscle weak-

ness and wasting will also affect respiratory function,
joint mobility, and posture. Symptoms and complications
that can be associated with these impairments are myal-
gia and athralgia, contractures and scoliosis, signs of
hypoventilation, and an increased susceptibility to chest
infections. Proper treatment of muscle pain is important
because pain has an impact on mobility, enjoyment of
life, and recreational activities, and thereby is very im-
portantly to quality of life.8 Myoglobinuria has also been
reported in patients with different forms of LGMD2,9–11

and it is essential that patients and parents are aware of
the possibility of myoglobinuria and the need to increase
oral fluid intake and seek medical attention should
it occur. Beside skeletal muscle involvement, several
forms of LGMD2 also show cardiac and smooth-muscle
involvement, which can result in cardiomyopathy and
associated cardiac complications, as well as in gastroin-
testinal complaints. Because of possible cardiac and re-
spiratory involvement, patients with LGMD2 also have
an increased risk when undergoing general anesthesia.
The different potential complications illustrate that the
care of LGMD2 patients requires an interdisciplinary
approach involving geneticists, neurologists, neuropedia-
tricians, orthopedic surgeons, cardiologists, anaesthe-
tists, gastroenterologists, and respiratory physicians.

Table 1. The Autosomal Recessive Limb-Girdle Muscular Dystrophies and Current Key Management Issues

Forms of LGMD2
(OMIM)

Gene
Locus Protein Medical Implications: Current Management

LGMD2A (#253600) 15q15 Calpain-3 Contracture management, rarely require respiratory support
LGMD2B (#253601) 2p13 Dysferlin Ankle foot orthoses, rarely require respiratory support
LGMD2C (#253700) 13q12 �-Sarcoglycan Contracture management, scoliosis management, risk of respiratory

disease and cardiomyopathy
LGMD2D (#608099) 17q12 �-Sarcoglycan Contracture management, scoliosis management, risk of respiratory

disease and cardiomyopathy
LGMD2E (#604286) 4q12 �-Sarcoglycan Contracture management, scoliosis management, risk of respiratory

disease and cardiomyopathy
LGMD2F (#601287) 5q33 �-Sarcoglycan Contracture management, scoliosis management, risk of respiratory

disease and cardiomyopathy
LGMD2G (#601954) 17q12 Telethonin Not reported outside Brazil
LGMD2H (#254110) 9q31 TRIM32 Not reported outside Canadian Hutterites
LGMD2I (#607155) 19q13 FKRP Contracture management, scoliosis management in childhood

forms, risk of respiratory failure and cardiomyopathy
LGMD2J (#608807) 2q31 Titin Not reported outside Finland
LGMD2K (#609308) 9q34 POMT1 Rare: may require contracture management, scoliosis management

in childhood forms, risk of respiratory failure and
cardiomyopathy

LGMD2L (%611307) 11p13 ? Described in a group of Canadian families only
LGMD2M (#611588) 9q31 Fukutin Rare: may require contracture management, scoliosis management

in childhood forms, risk of respiratory failure and
cardiomyopathy

LGMD2N (*607439) 14q24 POMT2 Rare: may require contracture management, scoliosis management
in childhood forms, risk of respiratory failure and
cardiomyopathy

OMIM � Online Mendelian Inheritance in Man; FKRP � fukutin-related protein; POMT1 � protein O-mannosyltransferase 1; POMT2 �
protein O-mannosyltransferase 2; POMGnT1 � protein O-mannose beta-1,2-N-acetylglucosaminyltransferase; TRIM32 � tripartite motif-
containing protein-32.
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These medical specialists should work closely together
with physiotherapists, occupational therapists, and ex-
perts from palliative care teams.
To accurately time symptomatic treatments, it is im-

portant that patients be seen on a regular basis. Beside
the clinical examination, patients should be tested for
their respiration (e.g., forced vital capacity, peak cough
flow) and in some forms of LGMD2, also their cardiac,
function (e.g., electrocardiography and echocardiogra-
phy). Guidelines for the frequency of these examinations
and for the treatments they entail have now been devel-
oped for some of the diseases.12 Chest infections should
be treated promptly with antibiotics and the demonstra-
tion of night-time hypoventilation by overnight pulse
oximetry should lead to noninvasive nocturnal ventila-
tion. The identification of impaired cardiac function will
often result in angiotensin-converting enzyme inhibitor
and/or �-blocker treatment.
There is currently a lack of randomized controlled

trials for LGMD2 and a lack of new treatment strategies,
such as gene therapy, therapies that target post-transcrip-
tional control processes or cell-based therapies are not
yet established for LGMD2 and might prove more dif-
ficult than for the dystrophinopathies.
The following discussion will focus on the better un-

derstood and the more prevalent forms of LGMD2–2A
(calpainopathy), LGMD2B (dysferlinopathy), LGMD2C–2F
(the sarcoglycanopathies), and the forms of LGMD2 asso-
ciated with secondary reduction in alpha-dystroglycan
(LGMD2I, 2K, 2M, and 2N).

CALPAINOPATHY (LGMD2A)

The diagnosis of calpainopathy relies on the detection
of mutations in the calpain 3 gene, supported in most
cases by the finding of reduced or absent calpain 3 on
immunoblotting of a muscle sample.13 LGMD2A can
present at any age from infancy (or later with toe walk-
ing, which can be seen as an early presentation) to late
adulthood, although the majority of cases present be-
tween 8 and 15 years with difficulties climbing stairs or
running.13–22

Contractures are present in a subset of patients and
typically involve the Achilles tendon, elbow, and neck.
In identifying the key clinical determinants that can dis-
tinguish calpainopathy from other forms of LGMD2, the
presence of preserved respiratory function, contractures
especially of the Achilles tendons, and scapular winging
have been shown to be particularly discriminatory,13 as
is the absence of cardiac involvement and a posterior
pattern of proximal leg muscle involvement (e.g., ham-
strings are more affected than quadriceps).
Progression in LGMD2A is variable, but always pro-

gressive. Typically patients lose independent ambulation
between 11 and 28 years after onset of the disease. The

contractures, which are relatively frequently present in
LGMD2A, especially at the Achilles tendons, require
physiotherapy input and may need surgery depending on
how they respond to stretching and splinting. Occasion-
ally, scapular fixation may be required for particularly
problematic scapular winging. Respiratory and cardiac
problems are not common. Life expectancy in most cases
will be normal.
Both calpain 3 knockout mice and transgenic mice

with mutations of specific domains show some dystro-
phic changes and the proof of principle of replacing
absent calpain 3 with adeno-associated virus–-mediated
gene transfer has been demonstrated, prompting the plan-
ning of local human injection trials.23–26

DYSFERLINOPATHY (LGMD2B)

The diagnosis of dysferlinopathy relies on the demon-
stration of mutations in the dysferlin gene, which are
frequently associated with absence of dysferlin in the
muscle biopsy. There are a number of clinical features of
dysferlinopathy that are almost pathognomonic of the
diagnosis. For the vast majority of patients, onset of
symptoms takes place in the late teens or early 20s, often
with normal or even outstanding sporting ability before
that age. The initial symptoms may be difficulty standing
on tiptoe (Miyoshi distal myopathy presentation), foot
drop (distal myopathy with anterior tibial presentation),
proximal muscle weakness (“LGMD2B” presentation),
or a mixture of proximal and distal weakness. Involve-
ment of the shoulder girdle is a much later event.
LGMD2B is frequently misdiagnosed as polymyositis,
due to the apparently sudden nature of the onset and
frequent presence of inflammatory cells in the muscle
biopsy. Whether steroid medication is at all effective in
patients with LGMD2B is currently being investigated in
a controlled clinical trial (Walter et al., personal com-
munication). Progression of the disease is somewhat
variable. For some patients there appears to be a rela-
tively rapid progression of disease and early confinement
to a wheelchair. In others, the disease may be much more
slowly progressive. Complications of cardiac impairment
are not reported as frequent clinical complications, al-
though suggestions of cardiomyopathy in animal models
of dysferlinopathy have prompted the reporting of occa-
sional cases of dysferlinopathy with cardiac disease27,28

of uncertain significance. From published series it does
not appear that respiratory failure is a common early
feature of the disease, with respiratory complications
coming, if at all, at a late stage with severe muscle
involvement, long after the patient has become confined
to a wheelchair. A very mild phenotype indeed with
presentation in the 70s has recently been reported, indi-
cating that dysferlin mutations may be compatible with
only minor symptoms.17,28–34 Where long-term follow-up
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has been reported in dysferlinopathy, the disease appears to
be compatible with a normal life expectancy.
Two naturally occurring mouse models of dysferli-

nopathy have been identified and a knockout mouse has
also been generated.1,35–37 The large size of the dysferlin
gene makes the application of gene replacement strate-
gies relatively problematic, unless shortened forms of the
protein can be shown to be at least partially functional, as
has been demonstrated for dystrophin (Krahn et al., per-
sonal communication).

SARCOGLYCAN-DEFICIENT LGMD2C–2F

The demonstration of a mutation in one of the sarco-
glycan genes is necessary to confirm the diagnosis of the
subtypes within this group of muscular dystrophies. On
muscle biopsy analysis, the primary protein involved
may be hard to predict, as all or most of the proteins of
the dystrophin-glycoprotein complex are typically re-
duced, irrespective of the primary problem. In some
cases, a reduction in dystrophin and alpha and/or beta
dystroglycan may also be present, further confusing the
diagnosis.
Given that the sarcoglycans belong to the same protein

complex as dystrophin, it is probably not a surprise that
their phenotypes overlap with dystrophinopathy and that
the spectrum of severity seen in sarcoglycanopathy re-
flects the spectrum of dystrophinopathy as well, with the
more severe end of the spectrum being equivalent to
Duchenne muscular dystrophy and the milder to the
Becker phenotypes. It does not appear that there are
significant clinical distinguishing features between the
different sarcoglycanopathies. There is a bias toward
childhood38 rather than adult onset, although both may
be seen. Most patients with sarcoglycanopathy will
present between 6 and 8 years of age. The disease course
is always progressive, and respiratory and cardiac in-
volvement may be seen with increasing severity of the
disease; however, they are only infrequently seen early in
the disease course. Cardiac involvement may be more
prevalent with beta and delta sarcoglycanopathy (LGMD2E
and 2F) but has been reported in association with mutations
in alpha and gamma sarcoglycanopathy (LGMD2D and
2C) as well.33,39–49

The management principles for sarcoglycanopathies
mirror dystrophinopathy. Attention to strength and joint
range of movement necessitates physiotherapy input and,
if necessary, orthopedic intervention. Assessment of re-
spiratory function will identify the correct timing for
nocturnal ventilatory support, and cardiac evaluation is
necessary to identify patients requiring treatment for car-
diomyopathy.50 Scoliosis may be a problem in the more
severely affected patients and may necessitate spinal sur-
gery. Although glucocorticosteroids are now accepted as
the gold standard for improving strength in Duchenne

muscular dystrophy,51 reaching clear evidence that it is
also of benefit in sarcoglycanopathy is difficult due to the
small patient numbers and the heterogeneity of the con-
dition. Anecdotal stories of benefit in individual patients
suggests that a trial of steroids in patients fully informed
about the possibility of side effects and the uncertainty of
benefit might be indicated in controlled conditions.
Animal models for the four sarcoglycan-deficient

LGMDs have been generated and used to test new treat-
ment strategies. There are both sarcoglycan null mouse
models, as well as a mouse model with a disease-specific
missense mutation.52–57 The sarcoglycan null mice and
the delta sarcoglycan-deficient cardiomyopathic ham-
sters (BIO14.6, BIO53.58, CHF147, TO-2) are also well-
established animal models for sarcoglycan-deficient car-
diomyopathy. The spectrum of therapeutic approaches
that has been used to treat the dilated cardiomyopathy in
the hamster models is very broad and reaches from clas-
sical pharmacotherapy approaches58,59 to gene replace-
ment therapy,60–62 cellular therapies,63–65 and recombi-
nant growth factor therapies.66–69 Despite numerous
treatment studies in the cardiomyopathic hamster models
over the past 40 years, many of which have been shown
to be effective, no controlled trial to treat cardiomyopa-
thy in patients with LGMD2C-F has been conducted so
far. One reason for this lack of trials is the limited num-
ber of patients, but results from treatment studies in
animal models have also illustrated that conclusions can
not always easily be extrapolated from mice (hamsters)
to humans and vice versa. Mice homozygous for the
H77C-encoding allele, the most prevalent cause of
LGMD2D, did not develop muscular dystrophy.56,57 The
studies suggest that the mutant protein that causes
LGMD2D in humans is fully functional in the mouse
muscle. Despite the lack of a histological phenotype, the
mouse models have helped to gain insight into the mo-
lecular mechanisms leading to LGMD2D, caused by the
most common mutation in the �-sarcoglycan gene, and
to test new therapeutic approaches. Bartoli et al.57 were
able to pharmacologically rescue the R77C protein from
retention in the secretory pathway by blocking the pro-
tein quality control using proteasome or mannosidase
I inhibitors in living mice without evidence of toxicity
of the treatment. A similar approach was chosen by
Gastaldello et al.70 using a heterologous cell system.
They also showed that after transfection with disease-
causing �-sarcoglycan mutants, proteasome inhibition
reduced the degradation of the sarcoglycan complex and
facilitated the assembly and targeting of the sarcoglycan
complex to the plasma membrane.
A study by Bauer et al.71 illustrated that steroid treat-

ment in Scgd null mice deteriorated cardiac function, and
dystrophin-deficient mdx mice also do not seem to ben-
efit much from steroid treatment if one looks at histo-
logical changes in skeletal muscle,72 despite the fact that
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steroids are beneficial for boys with DMD12 and possibly
also for patients with sarcoglycanopathy.73 Sarcoglycan-
deficient mouse models have also been used to test the
therapeutic effect of myostatin blockade.74–77 These
findings suggest that myostatin inhibition may be bene-
ficial when applied at an early stage of the disease pro-
cess, but might be less effective in advanced stages of
muscular dystrophy.
The zebrafish has been found to express orthologues of

many dystrophin-glycoprotein complex components,78 and
a number of recent studies have investigated the conse-
quences of genetic mutations or targeted downregulation
of expression of muscular dystrophy associated genes on
muscle fiber development in the zebrafish.79-82 Zebrafish
embryos lacking delta sarcoglycan show delayed cardiac
development, symptoms of somitic muscle disorganiza-
tion and lack of swim bladder inflation.83,84 The results
in the delta sarcoglycan morphant shows similarity to the
characteristics of human patients with LGMD2F, and
suggests that zebrafish may be a good model in which to
genetically analyze the sarcoglycanopathies.

LGMD2 ASSOCIATED WITH SECONDARY
REDUCTION IN ALPHA DYSTROGLYCAN

The most common form of LGMD in this group is
LGMD2I, which is also the most common form of
LGMD in Northern Europe. In LGMD2I, a founder mu-
tation in fukutin-related protein (FKRP [C826A]) facil-
itates diagnosis.11,85,86 The other forms of LGMD due to
mutations in genes causing secondary reduction in alpha
dystroglycan are more commonly associated with a con-
genital muscular dystrophy phenotype; however, these
should be pursued for cases in which a reduction of
alpha-dystroglycan is detected on muscle biopsy and
mutation testing in FKRP is negative.
LGMD2I is characterized by a high variability in clin-

ical course, with a spectrum of phenotypes ranging from
a Duchenne-like presentation to milder phenotypes with
a slow progression, although even the milder cases may
show complications of cardiomyopathy and respiratory
impairment. In early onset cases there may be delayed
motor milestones or hypotonia during the first year of
life. The spectrum extends to milder phenotypes with
even late adult onset, essentially resembling Becker mus-
cular dystrophy. This is typically the most common pre-
sentation of LGMD2I, especially when patients are ho-
mozygous for the common C826A mutation. The muscle
weakness has a pronounced predilection for axial mus-
cles, neck flexors, and the proximal limb muscles. There
may also be mild facial weakness, in particular in the
very early onset cases. Muscles of the shoulder girdle
may be weaker than those of the pelvic girdle, with
atrophy of the pectoralis major and deltoid muscles. In
contrast, there can be prominent hypertrophy of the

tongue, the brachioradialis, the calves, and possibly other
leg muscles. There is often prominent lordosis. In a
cohort of patients from Germany, myalgia, and myoglo-
binuria were noted as the first symptoms in the majority
of patients.11 Rhabdomyolysis precipitated by anesthesia
has also been reported.11 Clinically significant, dilated
cardiomyopathy develops in approximately half of the
patients, and it is independent of the severity of the
skeletal muscle weakness.87,88 There is also an important
respiratory involvement in patients with FKRP muta-
tions, manifesting initially as a drop in forced vital ca-
pacity followed by nocturnal hypoventilation on the ba-
sis of diaphragmatic weakness. In contrast to Duchenne
and Becker muscular dystrophy, it is important to note
that the respiratory failure can occur while the patient is
still ambulatory.87,89–92

Early recognition of dilated cardiomyopathy and early
respiratory failure is of great importance. Cardiac disease
may be detected pre-clinically to allow early introduction
of prophylactic treatment (i.e, “routine” management of
cardiomyopathy is indicated and in some cases even
cardiac transplantation may be necessary).87,88 Respira-
tory impairment may manifest first as diaphragmatic
weakness, so investigation of respiratory muscle strength
while lying as well as sitting is mandatory. Night-time
ventilatory assistance should be introduced in a timely
manner. In this type of recessive LGMD, serious and
life-threatening complications that are amenable to treat-
ment may supervene at a stage when the patient is still
ambulant; therefore, it is very important to establish the
correct diagnosis. The phenotypic overlap with dystro-
phinopathy can lead to problems with genetic counsel-
ing. Because the genetic implications of the two disor-
ders are so different, it provides a further practical reason
for determining the correct diagnosis by mutation anal-
ysis. Although no trials have been conducted on glu-
cocorticosteroid treatment in LGMD2I, there is a report
of benefit,93 which has also been seen in LGMD2K.94 A
recent study that looked at the effect of moderate-inten-
sity endurance training showed that it is a safe method to
increase exercise performance and daily function in pa-
tients with LGMD2I.95 Exercise studies in other forms of
LGMD2 have not yet been systematically performed.
Although there are several genes known to cause

LGMD associated with secondary reduction in alpha-
dystroglycan, the number of available animal models for
this group of disorders is limited. This is due to the fact
that the corresponding null mice are embryonic lethal.
Nevertheless, the available animal models for the dys-
troglycanopathies are beginning to add to our under-
standing of their pathogenesis and the vital importance of
dystroglycan in the development of the basement mem-
brane. A dystroglycan and an FKRP-deficient zebrafish
model have been described, which developed a range of
abnormalities reminiscent of the defects observed in hu-
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man dystroglycanopathies.82,96 FKRP morphant em-
bryos showed a spectrum of phenotypic severity involv-
ing alterations in somitic structure and muscle fiber
organization. The pathological phenotype in the FKRP
morphants was found to correlate with a reduction in
alpha-dystroglycan glycosylation and reduced laminin
binding similar to patients with LGMD2I.95 Attempts to
model LGMD2K and 2M and the allelic congenital mus-
cular dystrophies by the generation of mice null for
fukutin or Pomt1 have resulted in early embryonic le-
thality attributed to basement membrane defects.97,98

Moving closer to the human disease situation, however,
a chimeric mouse deficient in fukutin escapes embryonic
lethality to develop a Fukuyama congenital muscular
dystrophy phenotype,99,100 similar to that observed in
the Largemyd mouse harbouring a deletion in the
mouse Large gene.101 In Largemyd mice, one of the
few viable animal models for the dystroglycanopa-
thies, Barresi et al.102 found that overexpression of
transduced Large ameliorated the dystrophic phenotype
and induced synthesis of glycan-enriched alpha-dystro-
glycan with high affinity for extracellular ligands.102

These experiments underline the importance of animal
models to test new therapies for LGMD2.

CONCLUSIONS

Over the last 14 years, since the first characterization
of a disease-causing mutation in a form of LGMD2,103

we have learned a lot about this large and heterogenous
group of progressive muscle diseases. The identification
of the underlying genes has enabled clinicians to provide
patients with specific diagnoses, to inform them about
the disease prognosis, to counsel families, and to offer
prenatal testing. Knowledge about the natural history of
the diseases made it possible to monitor patients for
disease complications and implement symptomatic treat-
ments. The characterization of animal models and the
development of pre-clinical molecular and cell-based
therapies will now need to be translated into clinical
applications.

Disclosure: Dr. Bushby is a member of the Scientific
Advisory Board of Santhera Pharmaceutical.

REFERENCES

1. Vainzof M, Ayub-Guerrieri D, Onofre PC, et al. Animal models
for genetic neuromuscular diseases. J Mol Neurosci 2008;34:
241–248.

2. Bassett DI, Currie PD. The zebrafish as a model for muscular
dystrophy and congenital myopathy. Hum Mol Genet 2003;
12(Spec No 2):R265–R270.

3. Guyon JR, Steffen LS, Howell MH, Pusack TJ, Lawrence C,
Kunkel LM. Modeling human muscle disease in zebrafish. Bio-
chim Biophys Acta 2007;1772:205–215.

4. Kunkel LM, Bachrach E, Bennett RR, Guyon J, Steffen L. Di-
agnosis and cell-based therapy for Duchenne muscular dystrophy
in humans, mice, and zebrafish. J Hum Genet 2006;51:397–406.

5. Sampaolesi M, Torrente Y, Innocenzi A, et al. Cell therapy of
alpha-sarcoglycan null dystrophic mice through intra-arterial de-
livery of mesoangioblasts. Science 2003;301:487–492.

6. Wagner KR, Fleckenstein JL, Amato AA, et al. A phase I/IItrial
of MYO-029 in adult subjects with muscular dystrophy. Ann
Neurol 2008;63:543–545.

7. Welch EM, Barton ER, Zhuo J, et al. PTC124 targets genetic
disorders caused by nonsense mutations. Nature 2007;447:87–91.

8. Bushby K, Straub V. Nonmolecular treatment for muscular dys-
trophies. Curr Opin Neurol 2005;18:511–518.

9. Cagliani R, Comi GP, Tancredi L, et al. Primary beta-sarcogly-
canopathy manifesting as recurrent exercise-induced myoglobin-
uria. Neuromuscul Disord 2001;11:389–394.

10. Mongini T, Doriguzzi C, Bosone I, Chiado-Piat L, Hoffman EP,
Palmucci L. Alpha-sarcoglycan deficiency featuring exercise in-
tolerance and myoglobinuria. Neuropediatrics 2002;33:109–111.

11. Walter MC, Petersen JA, Stucka R, et al. FKRP (826C�A)
frequently causes limb-girdle muscular dystrophy in German pa-
tients. J Med Genet 2004;41:e50.

12. Bushby K, Muntoni F, Urtizberea A, Hughes R, Griggs R. Report
on the 124th ENMC International Workshop. Treatment of Duch-
enne muscular dystrophy; defining the gold standards of manage-
ment in the use of corticosteroids. 2–4 April 2004, Naarden, The
Netherlands. Neuromuscul Disord 2004;14:526–534.

13. Groen EJ, Charlton R, Barresi R, et al. Analysis of the UK
diagnostic strategy for limb girdle muscular dystrophy 2A. Brain
2007;130:3237–3249.

14. Fardeau M, Eymard B, Mignard C, Tome FM, Richard I, Beck-
mann JS. Chromosome 15-linked limb-girdle muscular dystro-
phy: clinical phenotypes in Reunion Island and French metropol-
itan communities. Neuromuscul Disord 1996;6:447–453.

15. Passos-Bueno MR, Moreira ES, Marie SK, et al. Main clinical
features of the three mapped autosomal recessive limb-girdle
muscular dystrophies and estimated proportion of each form in 13
Brazilian families. J Med Genet 1996;33:97–102.

16. Kawai H, Akaike M, Kunishige M, et al. Clinical, pathological,
and genetic features of limb-girdle muscular dystrophy type 2A
with new calpain 3 gene mutations in seven patients from three
Japanese families. Muscle Nerve 1998;21:1493–501.

17. Passos-Bueno MR, Vainzof M, Moreira ES, Zatz M. Seven au-
tosomal recessive limb-girdle muscular dystrophies in the Brazil-
ian population: from LGMD2A to LGMD2G. Am J Med Genet
1999;82:392–398.

18. Pollitt C, Anderson LV, Pogue R, Davison K, Pyle A, Bushby
KM. The phenotype of calpainopathy: diagnosis based on a mul-
tidisciplinary approach. Neuromuscul Disord 2001;11:287–296.

19. de Paula F, Vainzof M, Passos-Bueno MR, et al. Clinical vari-
ability in calpainopathy: what makes the difference? Eur J Hum
Genet 2002;10:825–832.

20. Sáenz A, Leturcq F, Cobo AM, et al. LGMD2A: genotype-phe-
notype correlations based on a large mutational survey on the
calpain 3 gene. Brain 2005;128:732–742.

21. Balci B, Aurino S, Haliloglu G, et al. Calpain-3 mutations in
Turkey. Eur J Pediatr 2006;165:293–298.

22. Guglieri M, Magri F, D’Angelo MG, et al. Clinical, molecular,
and protein correlations in a large sample of genetically diag-
nosed Italian limb girdle muscular dystrophy patients. HumMutat
2007.

23. Bartoli M, Roudaut C, Martin S, et al. Safety and efficacy of
AAV-mediated calpain 3 gene transfer in a mouse model of
limb-girdle muscular dystrophy type 2A. Mol Ther 2006;13:250–
259.

24. Fougerousse F, Gonin P, Durand M, Richard I, Raymackers JM.
Force impairment in calpain 3-deficient mice is not correlated
with mechanical disruption. Muscle Nerve 2003;27:616–623.

25. Kramerova I, Kudryashova E, Tidball JG, Spencer MJ. Null
mutation of calpain 3 (p94) in mice causes abnormal sarcomere
formation in vivo and in vitro. Hum Mol Genet 2004;13:1373–
1388.

26. Tagawa K, Taya C, Hayashi Y, et al. Myopathy phenotype of
transgenic mice expressing active site-mutated inactive p94 skel-
etal muscle-specific calpain, the gene product responsible for

STRAUB AND BUSHBY624

Neurotherapeutics, Vol. 5, No. 4, 2008



limb girdle muscular dystrophy type 2A. Hum Mol Genet
2000;9:1393–1402.

27. Wenzel K, Geier C, Qadri F, et al. Dysfunction of dysferlin-
deficient hearts. J Mol Med 2007;85:1203–1214.

28. Illarioshkin SN, Ivanova-Smolenskaya IA, Greenberg CR, et al.
Identical dysferlin mutation in limb-girdle muscular dystrophy
type 2B and distal myopathy. Neurology 2000;55:1931–1933.

29. Weiler T, Bashir R, Anderson LV, et al. Identical mutation in
patients with limb girdle muscular dystrophy type 2B or Miyoshi
myopathy suggests a role for modifier gene(s). Hum Mol Genet
1999;8:871–877.

30. Argov Z, Sadeh M, Mazor K, et al. Muscular dystrophy due to
dysferlin deficiency in Libyan Jews. Clinical and genetic features.
Brain 2000;123(Pt 6):1229–1237.

31. Illa I, Serrano-Munuera C, Gallardo E, et al. Distal anterior com-
partment myopathy: a dysferlin mutation causing a new muscular
dystrophy phenotype. Ann Neurol 2001;49:130–134.

32. Mahjneh I, Marconi G, Bushby K, Anderson LV, Tolvanen-
Mahjneh H, Somer H. Dysferlinopathy (LGMD2B): a 23-year
follow-up study of 10 patients homozygous for the same
frameshifting dysferlin mutations. Neuromuscul Disord 2001;
11:20–26.

33. Zatz M, de Paula F, Starling A, Vainzof M. The 10 autosomal
recessive limb-girdle muscular dystrophies. Neuromuscul Disord
2003;13:532–544.

34. Diers A, Carl M, Stoltenburg-Didinger G, Vorgerd M, Spuler S.
Painful enlargement of the calf muscles in limb girdle muscular
dystrophy type 2B (LGMD2B) with a novel compound heterozy-
gous mutation in DYSF. Neuromuscul Disord 2007;17:157–162.

35. Bittner RE, Anderson LV, Burkhardt E, et al. Dysferlin deletion
in SJL mice (SJL-Dysf) defines a natural model for limb girdle
muscular dystrophy 2B. Nature genetics 1999;23:141–142.

36. Luft FC. Dysferlin, dystrophy, and dilatative cardiomyopathy. J
Mol Med 2007;85:1157–1159.

37. Ho M, Post CM, Donahue LR, et al. Disruption of muscle mem-
brane and phenotype divergence in two novel mouse models of
dysferlin deficiency. Hum Mol Genet 2004;13:1999–2010.

38. Straub V, Bushby K. The childhood limb-girdle muscular dys-
trophies. Semin Pediatr Neurol 2006;13:104–114.

39. Meena AK, Sreenivas D, Sundaram C, et al. Sarcoglycanopathies:
a clinico-pathological study. Neurol India 2007;55:117–121.

40. White SJ, de Willige SU, Verbove D, et al. Sarcoglycanopathies
and the risk of undetected deletion alleles in diagnosis. Hum
Mutat 2005;26:59.

41. Walter MC, Dekomien G, Schlotter-Weigel B, et al. Respiratory
insufficiency as a presenting symptom of LGMD2D in adulthood.
Acta Myol 2004;23:1–5.

42. Politano L, Nigro V, Passamano L, et al. Evaluation of cardiac
and respiratory involvement in sarcoglycanopathies. Neuromus-
cul Disord 2001;11:178–185.

43. Merlini L, Kaplan JC, Navarro C, et al. Homogeneous phenotype
of the gypsy limb-girdle MD with the gamma-sarcoglycan C283Y
mutation. Neurology 2000;54:1075–1079.

44. Calvo F, Teijeira S, Fernandez JM, et al. Evaluation of heart
involvement in gamma-sarcoglycanopathy (LGMD2C). A study
of ten patients. Neuromuscul Disord 2000;10:560–566.

45. Bonnemann CG. Disorders of the sarcoglycan complex (sarco-
glycanopathies). In: Deymeer F, ed. Neuromuscular diseases:
from basic mechanisms to clinical management. Basel: Karger;
2000:26–43.

46. Angelini C, Fanin M, Freda MP, Duggan DJ, Siciliano G, Hoff-
man EP. The clinical spectrum of sarcoglycanopathies. Neurol-
ogy 1999;52:176–179.

47. van der Kooi AJ, de Voogt WG, Barth PG, et al. The heart in limb
girdle muscular dystrophy. Heart 1998;79:73–77.

48. Prelle A, Comi GP, Tancredi L, et al. Sarcoglycan deficiency in
a large Italian population of myopathic patients. Acta Neuro-
pathol (Berl) 1998;96:509–514.

49. Duggan DJ, Gorospe JR, Fanin M, Hoffman EP, Angelini C.
Mutations in the sarcoglycan genes in patients with myopathy.
N Engl J Med 1997;336:618–624.

50. Bushby K, Muntoni F, Bourke JP. 107th ENMC international
workshop: the management of cardiac involvement in muscular

dystrophy and myotonic dystrophy. 7th-9th June 2002, Naarden,
the Netherlands. Neuromuscul Disord 2003;13:166–172.

51. Bushby K, Griggs R, MSG/ENMC FOR DMD Trial Study
Group. 145th ENMC International Workshop: planning for an
International Trial of Steroid Dosage Regimes in DMD (FOR
DMD), 22–24th October 2006, Naarden, The Netherlands. Neu-
romuscul Disord 2007;17:423–428.

52. Coral-Vazquez R, Cohn RD, Moore SA, et al. Disruption of the
sarcoglycan-sarcospan complex in vascular smooth muscle: a
novel mechanism for cardiomyopathy and muscular dystrophy.
Cell 1999;98:465–474.

53. Duclos F, Straub V, Moore SA, et al. Progressive muscular dys-
trophy in alpha-sarcoglycan-deficient mice. J Cell Biol 1998;142:
1461–1471.

54. Durbeej M, Cohn RD, Hrstka RF, et al. Disruption of the beta-
sarcoglycan gene reveals pathogenetic complexity of limb-girdle
muscular dystrophy type 2E. Mol Cell 2000;5:141–151.

55. Hack AA, Ly CT, Jiang F, et al. Gamma-sarcoglycan deficiency
leads to muscle membrane defects and apoptosis independent of
dystrophin. J Cell Biol 1998;142:1279–1287.

56. Kobuke K, Piccolo F, Garringer KW, et al. A common disease-
associated missense mutation in alpha-sarcoglycan fails to cause
muscular dystrophy in mice. Hum Mol Genet 2008;17:1201–
1213.

57. Bartoli M, Gicquel E, Barrault L, et al. Mannosidase I inhibition
rescues the human alpha-sarcoglycan R77C recurrent mutation.
Hum Mol Genet 2008;17:1214–1221.

58. Iwata Y, Katanosaka Y, Shijun Z, et al. Protective effects of
Ca2� handling drugs against abnormal Ca2� homeostasis and
cell damage in myopathic skeletal muscle cells. Biochem Phar-
macol 2005;70:740–751.

59. Iwanaga Y, Gu Y, Dieterle T, et al. A nitric oxide-releasing
derivative of enalapril, NCX 899, prevents progressive cardiac
dysfunction and remodeling in hamsters with heart failure. Faseb
J 2004;18:587–588.

60. Li J, Wang D, Qian S, Chen Z, Zhu T, Xiao X. Efficient and
long-term intracardiac gene transfer in delta-sarcoglycan-defi-
ciency hamster by adeno-associated virus-2 vectors. Gene Ther
2003;10:1807–1813.

61. Toyo-oka T, Kawada T, Xi H, et al. Gene therapy prevents
disruption of dystrophin-related proteins in a model of hereditary
dilated cardiomyopathy in hamsters. Heart, Lung Circ 2002;11:
174–181.

62. Kawada T, Nakazawa M, Nakauchi S, et al. Rescue of hereditary
form of dilated cardiomyopathy by rAAV-mediated somatic gene
therapy: amelioration of morphological findings, sarcolemmal
permeability, cardiac performances, and the prognosis of TO-2
hamsters. Proc Natl Acad Sci U S A 2002;99:901–906.

63. Kondoh H, Sawa Y, Miyagawa S, et al. Longer preservation of
cardiac performance by sheet-shaped myoblast implantation in
dilated cardiomyopathic hamsters. Cardiovasc Res 2006;69:466–
475.

64. Pouly J, Hagege AA, Vilquin JT, et al. Does the functional
efficacy of skeletal myoblast transplantation extend to nonisch-
emic cardiomyopathy? Circulation 2004;110:1626–1631.

65. Ohno N, Fedak PW, Weisel RD, Mickle DA, Fujii T, Li RK.
Transplantation of cryopreserved muscle cells in dilated cardio-
myopathy: effects on left ventricular geometry and function.
J Thorac Cardiovasc Surg 2003;126:1537–1548.

66. Serose A, Salmon A, Fiszman MY, Fromes Y. Short-term treat-
ment using insulin-like growth factor-1 (IGF-1) improves life
expectancy of the delta-sarcoglycan deficient hamster. J Gene
Med 2006;8:1048–1055.

67. Serose A, Prudhon B, Salmon A, Doyennette MA, Fiszman MY,
Fromes Y. Administration of insulin-like growth factor-1 (IGF-1)
improves both structure and function of delta-sarcoglycan defi-
cient cardiac muscle in the hamster. Basic Res Cardiol 2005;100:
161–170.

68. Nakamura T, Matsumoto K, Mizuno S, Sawa Y, Matsuda H.
Hepatocyte growth factor prevents tissue fibrosis, remodeling,
and dysfunction in cardiomyopathic hamster hearts. Am J Physiol
2005;288:H2131–H2139.

LIMB-GIRDLE MUSCULAR DYSTROPHIES 625

Neurotherapeutics, Vol. 5, No. 4, 2008



69. Iwase M, Kanazawa H, Kato Y, et al. Growth hormone-releasing
peptide can improve left ventricular dysfunction and attenuate
dilation in dilated cardiomyopathic hamsters. Cardiovasc Res
2004;61:30–38.

70. Gastaldello S, D’Angelo S, Franzoso S, et al. Inhibition of protea-
some activity promotes the correct localization of disease-causing
alpha-sarcoglycan mutants in HEK-293 cells constitutively express-
ing beta-, gamma-, and delta-sarcoglycan. Am J Pathol 2008;173:
170–181.

71. Bauer R, Macgowan GA, Blain A, Bushby K, Straub V. Steroid
treatment causes deterioration of myocardial function in the {delta}-
sarcoglycan-deficient mouse model for dilated cardiomyopathy.
Cardiovasc Res 2008 Jun 30; [Epub ahead of print].

72. Weller B, Massa R, Karpati G, Carpenter S. Glucocorticoids and
immunosuppressants do not change the prevalence of necrosis
and regeneration in mdx skeletal muscles. Muscle Nerve 1991;
14:771–774.

73. Connolly AM, Pestronk A, Mehta S, Al-Lozi M. Primary alpha-
sarcoglycan deficiency responsive to immunosuppression over
three years. Muscle Nerve 1998;21:1549–1553.

74. Bartoli M, Poupiot J, Vulin A, et al. AAV-mediated delivery of a
mutated myostatin propeptide ameliorates calpain 3 but not al-
pha-sarcoglycan deficiency. Gene Ther 2007;14:733–740.

75. Bogdanovich S, McNally EM, Khurana TS. Myostatin blockade
improves function but not histopathology in a murine model of
limb-girdle muscular dystrophy 2C. Muscle Nerve 2008;37:308–
316.

76. Minetti GC, Colussi C, Adami R, et al. Functional and morpho-
logical recovery of dystrophic muscles in mice treated with
deacetylase inhibitors. Nat Med 2006;12:1147–1150.

77. Parsons SA, Millay DP, Sargent MA, McNally EM, Molkentin
JD. Age-dependent effect of myostatin blockade on disease se-
verity in a murine model of limb-girdle muscular dystrophy. Am J
Pathol 2006;168:1975–1985.

78. Steffen LS, Guyon JR, Vogel ED, et al. Zebrafish orthologs of
human muscular dystrophy genes. BMC Genomics 2007;8:79.

79. Bassett DI, Bryson-Richardson RJ, Daggett DF, Gautier P,
Keenan DG, Currie PD. Dystrophin is required for the formation
of stable muscle attachments in the zebrafish embryo. Develop-
ment 2003;130:5851–5860.

80. Guyon JR, Mosley AN, Zhou Y, et al. The dystrophin associated
protein complex in zebrafish. Hum Mol Genet 2003;12:601–615.

81. Nixon SJ, Wegner J, Ferguson C, et al. Zebrafish as a model for
caveolin-associated muscle disease; caveolin-3 is required for
myofibril organization and muscle cell patterning. Hum Mol
Genet 2005;14:1727–1743.

82. Parsons MJ, Campos I, Hirst EM, Stemple DL. Removal of
dystroglycan causes severe muscular dystrophy in zebrafish em-
bryos. Development (Cambridge, England) 2002;129:3505–3512.

83. Cheng L, Guo XF, Yang XY, et al. Delta-sarcoglycan is neces-
sary for early heart and muscle development in zebrafish. Bio-
chem Biophys Res Commun 2006;344:1290–1299.

84. Guyon JR, Mosley AN, Jun SJ, et al. Delta-sarcoglycan is re-
quired for early zebrafish muscle organization. Exp Cell Res
2005;304:105–115.

85. Frosk P, Greenberg CR, Tennese AA, et al. The most common
mutation in FKRP causing limb girdle muscular dystrophy type
2I (LGMD2I) may have occurred only once and is present in
Hutterites and other populations. Hum Mutat 2005;25:38–44.

86. Kang PB, Feener CA, Estrella E, et al. LGMD2I in a North
American population. BMC Musculoskelet Disord 2007;8:115.

87. Poppe M, Bourke J, Eagle M, et al. Cardiac and respiratory failure
in limb-girdle muscular dystrophy 2I. Ann Neurol 2004;56:738–
741.

88. Gaul C, Deschauer M, Tempelmann C, et al. Cardiac involvement
in limb-girdle muscular dystrophy 2I : conventional cardiac di-
agnostic and cardiovascular magnetic resonance. J Neurol 2006;
253:1317–1322.

89. Mercuri E, Brockington M, Straub V, et al. Phenotypic spectrum
associated with mutations in the fukutin-related protein gene. Ann
Neurol 2003;53:537–542.

90. Poppe M, Cree L, Bourke J, et al. The phenotype of limb-girdle
muscular dystrophy type 2I. Neurology 2003;60:1246–1251.

91. Sveen ML, Schwartz M, Vissing J. High prevalence and pheno-
type-genotype correlations of limb girdle muscular dystrophy
type 2I in Denmark. Ann Neurol 2006;59:808–815.

92. Walter MC, Petersen JA, Stucka R, et al. FKRP (826C�A)
frequently causes limb-girdle muscular dystrophy in German pa-
tients. J Med Genet 2004;41:e50.

93. Darin N, Kroksmark AK, Ahlander AC, Moslemi AR, Oldfors A,
Tulinius M. Inflammation and response to steroid treatment in
limb-girdle muscular dystrophy 2I. Eur J Paediatr Neurol 2007;
11:353–357.

94. Godfrey C, Escolar D, Brockington M, et al. Fukutin gene mu-
tations in steroid-responsive limb girdle muscular dystrophy. Ann
Neurol 2006;60:603–610.

95. Sveen ML, Jeppesen TD, Hauerslev S, Krag TO, Vissing J.
Endurance training: an effective and safe treatment for patients
with LGMD2I. Neurology 2007;68:59–61.

96. Thornhill P, Bassett D, Lochmuller H, Bushby K, Straub V.
Developmental defects in a zebrafish model for muscular dystro-
phies associated with the loss of fukutin-related protein (FKRP).
Brain 2008;131:1551–1561.

97. Kurahashi H, Taniguchi M, Meno C, et al. Basement membrane
fragility underlies embryonic lethality in fukutin-null mice. Neu-
robiol Dis 2005;19:208–217.

98. Willer T, Prados B, Falcon-Perez JM, et al. Targeted disruption of
the Walker-Warburg syndrome gene Pomt1 in mouse results in
embryonic lethality. Proc Natl Acad Sci U S A 2004;101:14126–
14131.

99. Chiyonobu T, Sasaki J, Nagai Y, et al. Effects of fukutin defi-
ciency in the developing mouse brain. Neuromuscul Disord 2005;
15:416–426.

100. Takeda S, Kondo M, Sasaki J, et al. Fukutin is required for
maintenance of muscle integrity, cortical histiogenesis and nor-
mal eye development. Hum Mol Genet 2003;12:1449–1459.

101. Michele DE, Barresi R, Kanagawa M, et al. Post-translational
disruption of dystroglycan-ligand interactions in congenital mus-
cular dystrophies. Nature 2002;418:417–422.

102. Barresi R, Michele DE, Kanagawa M, et al. LARGE can func-
tionally bypass alpha-dystroglycan glycosylation defects in dis-
tinct congenital muscular dystrophies. Nat Med 2004;10:696–
703.

103. Roberds SL, Leturcq F, Allamand V, et al. Missense mutations in
the adhalin gene linked to autosomal recessive muscular dystro-
phy. Cell 1994;78:625–633.

STRAUB AND BUSHBY626

Neurotherapeutics, Vol. 5, No. 4, 2008


