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Abstract Muscular dystrophies are a heterogeneous
group of genetic disorders. In addition to genetic
information, a combination of various approaches such
as the use of genetic animal models, muscle cell biol-
ogy, and biochemistry has contributed to improving the
understanding of the molecular basis of muscular dys-
trophy’s etiology. Several lines of evidence confirm
that the structural linkage between the muscle extra-
cellular matrix and the cytoskeleton is crucial to pre-
vent the progression of muscular dystrophy. The
dystrophin—glycoprotein complex links the extracellu-
lar matrix to the cytoskeleton, and mutations in the
component of this complex cause Duchenne-type or
limb-girdle-type muscular dystrophy. Mutations in
laminin or collagen VI, muscle matrix proteins, are
known to cause a congenital type of muscular dystro-
phy. Moreover, it is not only the primary genetic de-
fects in the structural or matrix proteins, but also the
primary mutations of enzymes involved in the protein
glycosylation pathway that are now recognized to dis-
rupt the matrix—cell interaction in a certain group of
muscular dystrophies. This group of diseases is caused
by the secondary functional defects of dystroglycan, a
transmembrane matrix receptor. This review considers
recent advances in understanding the molecular path-
ogenesis of muscular dystrophies that can be caused by
the disruption of the cell-matrix linkage.
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Introduction

Muscular dystrophies are a heterogeneous group of
genetic disorders characterized by the progressive loss
of muscle strength and integrity. To date, a molecular
genetic approach, such as positional cloning and
candidate gene analysis, has identified more than 30
genes responsible for muscular dystrophies (Table 1)
(for information on the location of mutations, see
Stenson et al. 2003; http://www.hgmd.org). Clinically,
these diseases present with muscle weakness at any
age from birth to middle age, frequently with high
serum creatine kinase levels, and result in significant
morbidity and disability. At the level of muscle
pathology, the muscular dystrophies are characterized
by necrotic and regenerating fibers, an increase in fi-
ber size variation, fiber splitting and centrally located
myonuclei. Successive rounds of degeneration and
regeneration of muscle fibers eventually result in
necrosis and replacement of muscle with fatty and
fibrous tissue. The dystrophic skeletal muscle plasma
membranes are fragile, and membrane damage caused
by muscle contraction leads to muscle cell wasting.
The diseases have been classified by their clinical
presentation, the distribution and extent of muscle
weakness (some forms also affect the cardiac muscle),
age of onset, rate of progression, and pattern of
inheritance.

Genetic information has contributed to the under-
standing of the molecular pathogenesis of muscular
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Table 1 List of muscular

. Disease Inheritance pattern Gene locus Gene product
dystrophies
X-kinked MD
Duchenne/Becker XR Xp21 Dystrophin®
Emery-Dreifuss XR Xp28 Emerin
Limb-girdle MD
LGMD 1A AD 5q31 Myotilin
LGMD 1B AD 1g21 Lamin A/C
LGMD 1C AD 3p25 Caveolin-3
LGMD 1D AD 6923 Unknown
LGMD 1E AD 7q32 Unknown
LGMD 1F AD 5g31 Unknown
LGMD 1G AD 4921 Unknown
LGMD 2A AR 15q15 Calpain 3
LGMD 2B AR 2pl3 Dysferlin
LGMD 2C AR 13q12 y-Sarcoglycan®
LGMD 2D AR 17q12 o-Sarcoglycan®
LGMD 2E AR 4q12 p-Sarcoglycan®
LGMD 2F AR 5q33 d-Sarcoglycan®
LGMD 2G AR 17q11 Telethonin
LGMD 2H AR 9q31 TRIM32
LGMD 21 AR 19q13 FKRP?
LGMD 2] AR 2q31 Titin
LGMD 2K AR 9q34 POMT1*?
Distal MD
Miyoshi myopathy AR 2p13 Dysferlin
Tibial MD AD 2q31 Titin
Congenital MD
MDCI1A AR 6922 Laminin o2*
MDCI1B AR 1q42 Unknown
MDCI1C AR 19q13 FKRP?
MDCI1D AR 22q12 LARGE?
Fukuyama CMD AR 9g31 Fukutin®
Walker—Warburg syndrome AR 9q34 POMT1?
Walker—-Warburg syndrome AR 14q24 POMT2?
Muscle—eye-brain disease AR 1p32 POMGnT1?
Integrin «7 CMD AR 12q13 Integrin o7%
Ullrich syndrome AR 21q22 Collagen VI «1?
Ullrich syndrome AR 21q22 Collagen VI o2°
Ullrich syndrome AR 2q37 Collagen VI o3?
Rigid spine CMD AR 1p35 Selenoprotein N
Other forms
Emery-Dreifuss MD AD 1921 Lamin A/C
MD muscular dystrophy; Bethlem myopathy AD 21q22 Collagen VI o1?
LGMD limb-girdle muscular Bethlem myopathy AD 21q22 Collgane VI oc2'a
dystrophy; CMD congenital Bethlem myopathy AD 2q37 Collgane VI o3?
muscular dystrophy; XR Epidermolysis bullosa MD AR 8q24 Plectin
X-linked recessive; AD Facioscapulohumeral MD AD 4q35 Unknown
autosomal dominant; AR Scapuloperoneal MD AD 12q21 Unknown
autosomal recessive Oculopharyngeal MD AD 14q11 Poly A binding protein 2
Myotonic dystrophy AD 19913 Myotonin-protein

# Players involved in cell-
matrix linkage (see Fig. 1)

kinase/six5

dystrophy and to the development of rational strategies
designed to alleviate the diseases. The first break-
through in understanding the molecular basis of
muscular dystrophy was the finding of the dystrophin
gene, which is responsible for the common Duchenne
muscular dystrophy (DMD) (Monaco et al. 1986;
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Hoffman et al. 1987). Subsequently, transmembrane
proteins that form a large glycoprotein complex with
dystrophin in the muscle plasma membrane, called the
dystrophin-glycoprotein complex (DGC), were identi-
fied (Campbell and Kahl 1989; Yoshida and Ozawa
1990). One of the major functions of the DGC is to link
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the extracellular matrix to the intracellular dystrophin—
cytoskeleton across the plasma membrane. Mutations in
the components of the DGC can cause several forms of
muscular dystrophy. Post-translational disruption of the
matrix—cytoskeleton linkage due to mutations in en-
zymes is associated with congenital forms of muscular
dystrophy. In addition, mutations in the components of
the skeletal muscle basement membrane and the
transmembrane matrix receptor proteins are known to
cause muscular dystrophies. This genetic evidence
indicates that muscle membrane integrity is maintained
by the physical link between the extracellular matrix
and the cytoskeleton. In this review, we will present the
current understanding of the molecular pathogenesis of
muscular dystrophies that are caused by primary genetic
or secondary functional defects in matrix proteins,
matrix receptors, and transmembrane proteins (Fig. 1;
Table 1). We do not discuss diseases presumably
caused by different pathomechanisms such as oculo-
pharyngeal muscular dystrophy and myotonic dystro-
phy because several excellent reviews have been
published (for example, see Morris 2000; Dalkilic and
Kunkel 2003).
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Fig. 1 Schematic representation of the organization of mole-
cules involving skeletal muscle cell-matrix linkage. Diagram
illustrates the location of proteins involved in matrix—cell
linkage. Genetic or functional disruption of this link causes
muscular dystrophy. Basement membrane proteins laminin-2
and collagen VI are responsible for congenital muscular
dystrophy 1A (classical type) and Ullrich/Bethlem diseases.
Genetic or functional defects in transmembrane matrix receptor
protein complexes cause several forms of muscular dystrophies,
sarcoglycans for limb-girdle muscular dystrophies, o7 integrin for
CMD, and DG for dystroglycanopathies. Dystrophin is respon-
sible for Duchenne/Becker muscular dystrophies; ECM extra-
cellular matrix; SG sarcoglycan; SSPN sarcospan; DG
dystroglycan

DGC and muscular dystrophy

Duchenne muscular dystrophy is the most common
form of muscular dystrophy, and the pattern of inher-
itance is X-linked recessive. The gene responsible for
DMD was identified by using a positional cloning
technique in the mid 1980s (Monaco et al. 1986;
Hoffman et al. 1987). The gene product is dystrophin,
which is a large cytoskeletal protein located at the
cytoplasmic surface of the muscle plasma membrane
(for a review of dystrophin, see Lapidos et al. 2004).
The dystrophin gene is one of the largest genes known
in humans and is composed of 79 exons. The size and
complexity of the dystrophin gene may cause a high
frequency of spontaneous mutation (approximately
one third of DMD cases). Dystrophin is lost in the
muscle of DMD patients, whereas it is reduced or
truncated as a partially functional form in Becker
muscular dystrophy, the milder alleic variant of DMD.
The model mdx mice series has been used to under-
stand the pathomechanism and develop therapeutic
strategies: for example, virus-mediated gene transfer,
exon skipping, and gene boost of utrophin (for a re-
view, see van Deutekom and van Ommen 2003).

After the discovery of dystrophin, several trans-
membrane glycoproteins were identified (Campbell and
Kahl 1989; Yoshida and Ozawa 1990). These proteins
are co-purified with dystrophin and form a large protein
complex that is called the dystrophin-glycoprotein
complex (DGC) (Fig. 1). The components of the DGC
include sarcoglycans (SG), sarcospan, and dystroglycan
(DG) (for a review, see Michele and Campbell 2003). In
dystrophin-deficient skeletal muscle, these components
are concomitantly reduced from the muscle plasma
membrane. It is believed that without the DGC, the
muscle plasma membrane becomes fragile and suscep-
tive to membrane damage produced by repeated cycles
of muscle contraction and relaxation. DG is a trans-
membrane receptor of laminin, an extracellular matrix
protein in the basement membrane, and intracellularly
interacts with the C-terminal region of dystrophin.
Dystrophin contains actin-binding domains at the
N-terminal part. The central rod domain of dystrophin
consists of spectrin-like repeats and serves as the second
site for actin binding (Rybakova et al. 2006). Therefore,
one of the functions of the DGC is to connect the
extracellular matrix to the actin cytoskeleton, which is
thought to provide mechanical stability to the muscle
plasma membrane.

Sarcoglycans are single-pass transmembrane glyco-
proteins. In skeletal muscle, a-, -, y-, and 6-SGs are
expressed, and they form a subcomplex with sarcospan
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in the DGC (SG-sarcospan complex) (Fig. 1). Muta-
tions in any of the o-, ff-, y-, and 5-SG genes result in
autosomal recessive limb-girdle type muscular dystro-
phies (Ozawa et al. 2005). A primary mutation in any
one of the SG genes leads to concomitant reduction of
the entire SG complex. The exact function of the SG-
sarcospan complex is still unknown, but some putative
functions have been proposed; it may stabilize the
DGC components in the muscle membrane (Duclos
et al. 1998; Straub et al. 1998); it may regulate locali-
zation of y-filamin (Thompson et al. 2000). Using ani-
mal models and virus-gene transfer techniques, it has
been demonstrated that genetic deficiencies of the SG
complex can be corrected in vivo (Holt et al. 1998;
Durbeej et al. 2003). Inherited cardiomyopathy can be
associated with genetic defects in the DGC (Towbin
1998), and a correlation between the primary mutation
of the SG gene and cardiomyopathy has been estab-
lished (Melacini et al. 1999). Accordingly, the geneti-
cally engineered models of -SG and 6-SG-null mice
developed cardiomyopathy (Coral-Vasquez et al. 1999;
Durbeej et al. 2000). Detailed analysis has demon-
strated vascular irregularities in several tissues of f5- or
0-SG-deficient animals, suggesting that the SG com-
plex has a crucial role in the maintenance of the vas-
cular structure to prevent the initiation of heart
pathology. Importantly, the vascular dysfunction in
these animals can be abolished by administration of
verapamil (a calcium channel blocker with vasodilator
properties), which presents a pharmacological inter-
vention to prevent progression of cardiomyopathy
(Cohn et al. 2001).

Dystroglycan and dystroglycanopathy

As mentioned, DG is a central molecule in the DGC,
but so far no primary mutations of the DG gene have
been found in any human disease. Although disruption
of the DG gene in mice results in embryonic lethality
(Williamson 1997), by using striated-muscle selective
conditional DG knock-out mice, evidence for impor-
tant roles of DG in the maintenance of skeletal muscle
function has been provided (Cohn et al. 2002). DG is
encoded by a single mRNA and post-translationally
cleaved into two subunits, o- and -DG (Fig. 2) (I-
braghimov-Beskrovnaya et al. 1992). «-DG is an
extracellular subunit and functions as a receptor for
several extracellular matrix proteins such as laminins,
perlecan, agrin, and neurexin (Michele and Campbell
2003). «-DG is anchored on the plasma membrane
through the non-covalent interaction with -DG. -DG
is a transmembrane subunit and intracellularly inter-
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Fig. 2 O-glycosylation of «-DG and congenital muscular dystro-
phies (dystroglycanopathies). o-DG is comprised of the N-
terminal, the mucin-like, and the C-terminal domains. Mutations
in known or putative glycosyltransferase genes have been
identified in patients with congenital muscular dystrophies. In
these disorders, a-DG is hypoglycosylated, and its laminin-
binding activity is greatly reduced. POMGnT1 and POMT1/2 are
involved in the synthesis of a unique O-mannose sugar chain.
The function of fukutin and FKRP is still unknown. Molecular
recognition by LARGE is essential for functional expression of
a-DG. Overexpression of LARGE stimulates the synthesis of
unknown O-linked sugars on the mucin-like domain

acts with dystrophin. Therefore, DG acts as a bridge
molecule between the extracellular matrix and the
actin—dystrophin cytoskeletons across the muscle
plasma membrane (Fig. 1). a-DG undergoes extensive
O-glycosylation, and biochemical studies revealed that
O-glycosylation is required for the ligand-binding
activity of «-DG (Ervasti and Campbell 1993). o-DG
contains a Ser/Thr-rich mucin-like domain, which is a
potential site for functional glycosylation (Kanagawa
et al. 2004). Although the predicted molecular mass of
the o-DG core peptide, following furin-dependent
cleavage of the N-terminus (Kanagawa et al. 2004;
Singh et al. 2004), is around 40 kDa, the size of «-DG
on the SDS-gel ranges from 100-160 kDa with a tissue-
or developmental-dependent manner (Barresi and
Campbell 2006). Among heterogeneous groups of O-
linked sugar chains on the mucin-like domain of «-DG,
a unique O-mannose type sugar chain [NeuSAc(a2-
3)Gal(f1-4)GlcNAc(p1-2)Man-Ser/Thr] is reported to
be involved in the ligand-binding activity (Fig. 2)
(Chiba et al. 1997).

Probably the most recent significant advance in the
genetic basis of muscular dystrophy is the identification
of genes mutated in the O-glycosylation pathway of
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DG (Fig. 2). These mutations commonly result in
aberrant glycosylation of DG with reduced ligand-
binding activity, therefore called dystroglycanopathy
(Toda et al. 2003). Abnormal glycosylation can be
tested by immunofluorescence or Western blotting
analysis using the monoclonal antibodies that recog-
nize a functionally glycosylated form of «-DG (ITH6
and VIA4-1) and polyclonal antibodies recognizing the
a-DG core peptide (GT20ADG). Abnormally gly-
cosylated «-DG loses reactivity against IIH6 and
VIAA4-1, and shows reduced molecular weight that can
be detected by Western blotting with the «-DG core
antibodies (Michele et al. 2002). Dystroglycanopathy
so far includes Fukuyama congenital muscular dystro-
phy (FCMD), muscle-eye-brain disease (MEB),
Walker—Warburg syndrome (WWS), congenital mus-
cular dystrophies type 1C (MDCIC) and 1D
(MDC1D), and limb-girdle muscular dystrophy 2I
(LGMD?2I). In dystroglycanopathies, the reduction or
loss of DG’s ligand-binding activity due to hypogly-
cosylation likely disrupts the DG-mediated linkage
between the extracellular matrix and the dystrophin—
cytoskeleton, which is believed to be a cause of this
group of disease. Genes responsible for dystroglycan-
opathies and their determined or putative function will
be presented below.

Fukuyama congenital muscular dystrophy is an
autosomal recessive muscular dystrophy that is the
most common congenital muscular dystrophy in Japan.
In addition, FCMD is also the most common childhood
muscular dystrophy next to DMD in Japan. FCMD is
characterized by severe congenital muscular dystrophy,
abnormal neuronal migration associated with mental
retardation and epilepsy, and frequently eye abnor-
malities. In addition, recent study demonstrates mor-
phologically aberrant neuromuscular junctions in
FCMD skeletal muscle (Taniguchi et al. 2006). Posi-
tional cloning identified the gene responsible for
FCMD, and its protein product was named fukutin
(Toda et al. 1993; Kobayashi et al. 1998). The major
mutation in FCMD was first identified as a 3-kb ret-
rotransposon insertion in the 3’ noncoding region of
the fukutin gene (Kobayashi et al. 1998). FCMD is the
first known human disease that is caused by ancient
retrotransposal integration. A high population of pa-
tients carry this ancestral insertion, which may explain
the high prevalence of this disease in Japan. This
genomic insertion in the FCMD gene is likely to cause
a decrease in transcription of mRNA, therefore
resulting in the loss of gene product function.
Compound heterozygousity between retrotransposonal
mutation and point-mutation results in a more
severe phenotype than homozygous retrotransposonal

mutation. The function of fukutin is unknown, but the
protein has homologous to enzymes that modify gly-
colipids and glycoproteins (Aravind and Koonin 1999).
In FCMD muscle, «-DG is hypoglycosylated, and the
ligand binding activities are dramatically decreased
(Michele et al. 2002), which indicates that fukutin is
involved in the glycosylation pathway of DG. Gener-
ation of fukutin chimeric mice demonstrated the
essential role of fukutin-dependent glycosylation of
DG in the maintenance of muscle integrity, cortical
histiogenesis, and ocular development (Takeda et al.
2003). On the other hand, targeted homozygous
mutation of the fukutin gene in mice leads to embry-
onic lethality prior to development of skeletal muscle
and mature neurons, and detailed analyses on the
mutant embryos suggest that fukutin is necessary for
the maintenance of the basement membrane function,
which is required for early embryonic development
(Kurahashi et al. 2005).

A homologue for fukutin was identified based on its
sequence homology, and the gene product was termed
fukutin-related protein (FKRP) (Brockington et al.
2001a). According to its amino acid sequence and
cellular localization study (Esapa et al. 2002), FKRP is
thought to be a glycosyltransferase, but the enzyme
activity has not been determined. Mutations in the
FKRP can be detected in a broad patient population.
The two distinct phenotypes can be categorized into
congenital muscular dystrophy 1C (MDCIC) and
milder limb-girdle muscular dystrophy 21 (LGMD2I)
(Brockington et al. 2001b). MDCI1C displays a pro-
found depletion of «-DG functional glycosylation,
whereas LGMD2I shows a moderate reduction of
a-DG glycosylation (Brown et al. 2004). Moreover,
individuals with milder LGMD2I show a variable, but
subtle alteration in ¢-DG glycosylation (Brown et al.
2004). These may indicate a correlation between the
residual o-DG glycosylation level and the disease
severity.

Muscle—eye-brain disease is a severe autosomal
recessive disease characterized by congenital muscular
dystrophy, ocular abnormalities, and brain malforma-
tion and is seen mainly in Finland. As with FCMD,
hypoglycosylation of «-DG is commonly seen in MEB
patient cells (Kano et al. 2002; Michele et al. 2002;
Barresi et al. 2004). The gene responsible for MEB is
the POMGnTI, which codes a UDP-GIcNAc:Mana-O
p1,2-N-acetylglucosaminyltransferase. The GIcNAcf1-
2Man linkage in the O-mannose sugar chain on «-DG
is unique to mammals and had been assumed to be
catalyzed by POMGnT. In 2001, Yoshida et al. re-
ported finding the POMGnT1 gene by EST cloning
based on a sequence homologous to human GnT-1,
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which synthesizes GlcNAcf1-2Man linkage in N-gly-
cans (Yoshida et al. 2001). Subsequently, the cloned
protein was confirmed to have POMGnT activity.
Screening of the whole coding region and the exon/
intron flanking sequence of the POMGnT1 gene
identified mutations in MEB that included a combi-
nation of missense, non-sense, and frameshift muta-
tions, and the mutated POMGnT1 proteins showed
reduced enzyme activities (Yoshida et al. 2001; Manya
et al. 2003). This genetic and biochemical information
contributed to the development of an enzymatic assay
for MEB diagnostic testing that uses commercially
available reagents (Zhang et al. 2003).
Walker—Warburg syndrome is the most severe dys-
troglycanopathy, with most patients living only a year
or less. Similar to FCMD and MEB, this disease is
characterized by congenital muscular dystrophy,
structural brain defects, and eye malformations. To
unravel the genetic basis of WWS, a genome-wide
linkage analysis and a candidate-gene approach were
performed, which identified mutations in the gene
encoding O-mannosyltransferase 1 (POMT1) in 6 of 30
unrelated WWS cases (Beltran-Valero de Bernabe
et al. 2002). Recently, mutations of the POMT2, a
homologue of POMT1 with 33% of identity, in WWS
patients were also reported (van Reeuwijk et al. 2005).
POMT1 is homologous to members of the family of
protein O-mannosyltransferases (PMT) in yeast. In
yeast, PMTs catalyze the transfer of a mannosyl resi-
due from dolichyl phosphate mannose to Ser/Thr
residues of proteins (Strahl-Bolsinger et al. 1999),
therefore it had been hypothesized that POMT1 might
catalyze the first step in O-mannosyl glycan synthesis
of a-DG. The group of Tamao Endo developed a
method to detect the enzymatic activity of POMT
in mammalian cells and revealed that an active
POMT1/POMT?2 complex is required for expression of
O-mannosyltransferase activity, which adds a mannose
residue directly to the polypeptide backbone of «-DG
(Manya et al. 2004; Akasaka-Manya et al. 2006). WWS
shows a high degree of genetic heterogeneity. Fukutin
and FKRP have also been implicated in WWS; how-
ever, these genetic data still only account for a minority
of cases (Muntoni and Voit 2004). Other unidentified
genes may underlie WWS and glycosylation of DG.
The Large™“ mouse is a spontaneous animal model
for dystroglycanopathy. As in human dystroglycanop-
athy, «-DG in Large™ mice is hypoglycosylated with
reduced ligand-binding activities (Grewal et al. 2001;
Michele et al. 2002). A mutation in the Large™ mouse
was identified by positional cloning in the gene LARGE
(Grewal et al. 2001). The mutation is an intragenic
deletion, which causes a frame shift resulting in pre-
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mature termination. The Large gene encodes a protein
with a transmembrane domain followed by a coiled-coil
domain and two DxD-containing putative catalytic
domains (Peyrard et al. 1999). The gene product,
LARGE, is hypothesized to be a glycosyltransferase,
but the enzyme activities have not been determined yet.
Adenoviral LARGE gene transfer in Large™ restores
DG functional expression and prevents the progression
of muscular dystrophy (Barresi et al. 2004). Overex-
pression of LARGE has been shown to cause hyper-
glycosylation of DG in culture cells and mice
(Kanagawa et al. 2004; Barresi et al. 2004), confirming
that LARGE is involved in the regulation of the DG
functional glycosylation pathway. A muscular dystro-
phy patient with mental retardation who has a missense
mutation and a 1-bp insertion in the LARGE has been
reported, and this disorder has been named MDCI1D
(Longman et al. 2003). Examination of the brains of
Large™“ mice revealed abnormal glycosylation of
a-DG@G, leading to the functional loss of ligand-binding
activity, abnormal cerebral cortical layering resembling
cobblestone lissencephaly seen in human dystrogly-
canopathies, and defects in cerebellar granule cell
migration (Michele et al. 2002; Kanagawa et al. 2005).
Selective deletion of DG in the mouse brain also
demonstrated striking abnormalities resembling those
found in the Large™! mice and dystroglycanopathy
patients (Moore et al. 2002). Using these model ani-
mals, brain phenotypes in dystroglycanopathies, such as
disruption of the basement membrane, abnormal neu-
ronal migration, and brain malformation, can be ex-
plained by a loss of function of «-DG.

It has been shown that LARGE binds to the
N-terminal domain of «-DG during the maturational
processing of DG (Kanagawa et al. 2004), probably in
the Golgi apparatus considering the cellular location of
LARGE (Grewal et al. 2005; Brockington et al. 2005).
This molecular recognition by LARGE is proposed as
an essential event in order to express functional DG,
because without the LARGE-recognition motif, DG is
not functionally expressed in vivo (Kanagawa et al.
2004). The recently identified LARGE-relative pro-
tein, LARGE?2 (also known as GYLTL1B), can stim-
ulate DG hyperglycosylation and recognizes the
N-terminal domain of o-DG (Fujimura et al. 2005;
Grewal et al. 2005; Brockington et al. 2005). As men-
tioned, there is much evidence to support that LARGE
is involved in the synthesis of the sugar-chain on DG
(Barresi et al. 2004; Fujimura et al. 2005; Patnaik and
Stanley 2005). Interestingly, overexpression of
LARGE can produce hyperglycosylated DG with in-
creased ligand-binding activity in cells from genetically
distinct diseases with defective glycosylation of a-DG
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(FCMD, MEB, and WWS) (Barresi et al. 2004). Al-
though the detailed mechanism of LARGE-dependent
hyperglycosylation of o-DG is still unclear, the fact that
overexpression of LARGE can produce a DG species
with higher ligand-binding activity may lead to a novel
strategy to treat dystroglycanopathies by bypassing the
alternative DG-laminin linkage. Thus, glycotherapies
and treatments aimed at modulating the expression or
the activity of LARGE may be a future therapeutic
option for the whole group of glycosyltransferase-
deficient muscular dystrophies.

Extracellular matrix proteins and receptors

Skeletal muscle fibers are surrounded by an extracel-
lular matrix called the basement membrane. The
basement membrane is composed of two layers. The
basal lamina is a felt-like layer that is directly linked to
the plasma membrane. Another layer is the external
and fibrillar reticular lamina (Sanes 2003). The base-
ment membrane is believed to be involved in lateral
force transmission of contractile force generated by the
myofibrils and provides the tensile strength of the
muscle structure. Accordingly, genetic evidence has
revealed that congenital muscular dystrophies can arise
from the loss of components in the extracellular matrix
proteins and their membrane receptors.

Laminin-2 (merosin, laminina2f1y1) is a major
component of the skeletal muscle basal lamina (Fig. 1).
Laminin-2 presents the forms of a cross-shaped het-
erotrimer through the association of an 02-, a f1-, and a
y1-chain, each of which is encoded by separate genes.
Laminin-2 forms polymers through the short arm re-
gions, and this laminin network adheres to the plasma
membrane through the laminin globular domain in the
o2-chain (Colognato and Yurchenco 2000). DG and
integrin are well-characterized receptors of laminin-2
(Michele and Campbell 2003; Mayer 2003). A major
class of congenital muscular dystrophy (MDC1A) is
caused by mutations in the LAMA2 gene that encodes
the laminin o2-chain (Helbling-Leclerc et al. 1995).
Several mouse strains, spontaneous dy (Xu et al.
1994a) and dy” (Xu et al. 1994b) mice and the
genetically engineered dy™ (Miyagoe et al. 1997) and
dy*® (Kuang et al. 1998) mice, serve as animal models
of the disease. Ultrastructural studies have shown an
abnormal basement membrane structure around the
fibers of MDCI1A patients (Minetti et al. 1996) and the
dy mouse (Xu et al. 1994a). The dy* mouse presents
an in-frame deletion in the short arm region of the
o2-chain, demonstrating that an incomplete laminin-
polymer formation can lead to muscular dystrophy

(Colognato and Yurchenco 1999). Thus, the laminin
polymer scaffold appears to be necessary for the
organization of the basement membrane and the
interaction between the matrix and cell membranes,
both of which are essential for maintenance of the
skeletal muscle functions. Interestingly, mini-agrin,
which retains binding affinities to both DG and laminin
o4- and oS-chains (up-regulated o-chains in laminin
o2-deficient muscle), is shown to be able to compensate
for loss of the laminin «2-chain in dy" mice by estab-
lishing an alternative DG-matrix linkage (Moll et al.
2001). Laminin-receptor interaction is also thought to
be involved in the apoptotic pathway that may underlie
the pathogenesis of muscular dystrophy because of the
increased signs of apoptosis that were reported in
laminin-2-deficient mice and human patients (Miyagoe
et al. 1997; Hayashi et al. 2001). Genetic interventions
designed to inhibit the mitochondrial apoptotic path-
way demonstrate an improvement of the disease
pathology and lifespan of laminin-2-deficient mice
(Girgenrath et al. 2004; Dominov et al. 2005), which
suggests the possibility of using anti-apoptosis therapy
for muscular dystrophies.

Integrin o751 provides a linkage between laminin-2
and the cytoskeleton as well as the DGC (Fig. 1).
Mice carrying an inactivated integrin o7 gene
(ITGA7) were shown to develop a mild, but pro-
gressive muscular dystrophy (Mayer et al. 1997). Only
Japanese patients so far have been identified with a
primary integrin «7 deficiency and clinically classified
as having congenital myopathy with a delayed motor
milestone (Hayashi et al. 1998). The integrin o7
deficiency was reported to be caused by splice
mutations and deletions, leading to frameshifts, and/
or marked reduction of ITGA7 mRNA. In the inte-
grin o7-deficient mice, the myotendinous junction, the
primary site of force transmission between the mus-
cle and the tendon, was severely disrupted, indicating
an important role of integrin «7 in the organization
and/or maintenance of the myotendinous junction
(Mayer et al. 1997, Nawrotzki et al. 2003). The
generation of integrin o7/dystrophin- or integrin «7/
sarcoglycan-double mutant mice demonstrates an
essential role for integrin o7 in the maintenance of
the DGC-deficient muscle plasma membrane (Alli-
kian et al. 2004; Guo et al. 2006; Rooney et al. 2006).
Overexpression of integrin «7 in dystrophin/utrophin
double mutant mice, a mouse model for DMD,
ameliorates the muscle disease phenotype (Burkin
et al. 2001). These studies suggest a possibility that
integrin o7 may be a target molecule to compensate
for defects of the DGC by reinforcing the laminin
matrix—cytoskeleton linkage.
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Collagen VI is an extracellular matrix protein com-
posed of three chains, ol, 02, and «3, encoded by the
COL6AI, the COL6A2, and the COL6A3, respec-
tively, and the trimer collagen VI eventually assembles
into microfilament network (Zhang et al. 2002). Col-
lagen VI localizes in the reticular layer of the basement
membrane, perimysium and endomysium (Fig. 1). The
collagen VI network interacts with the fibronectin
networks, biglycan, and collagen IV (Jimenez-Malleb-
rera et al. 2005). Mutations in the collagen VI genes
are known to cause Ullrich syndrome and Bethlem
myopathy (Camacho-Vanegas et al. 2001; Demir et al.
2002; Pan et al. 2003). Absence of collagen VI micro-
fibrils from the area adjacent to the muscle basal
lamina in Ullrich syndrome patients has been reported
(Ishikawa et al. 2002; Niiyama et al. 2002). The data
support a hypothesized role of collagen VI in anchor-
ing the muscle basement membrane to the ECM. In
addition, an in vitro study using fibroblast culture
indicates that collagen VI may be important for the
organization of the components of the ECM (Sabatelli
et al. 2001). The COL6A knock-out mice show reduced
contractile force and disturbed intracellular calcium
homeostasis (Bonaldo et al. 1998). These studies indi-
cate a role of collagen VI in anchoring the basal lamina
to the reticular layer for maintenance of muscle func-
tion. The loss of contractile strength of the COL6A
mutant mice appeared to be associated with ultra-
structural alterations of the sarcoplasmic reticulum and
mitochondria and spontaneous apoptosis. Interest-
ingly, these defects were rescued in vitro by adding
collagen VI and in vivo by cyclosporine treatment,
which may lead to pharmacological intervention in the
diseases (Irwin et al. 2003).

Therapeutic approaches

A simple way to cure muscular dystrophies is by
replacing the defective gene in the disease with the
normal version of the gene. Many studies aimed at
developing a therapeutic strategy for DMD, which is
the most frequent muscular dystrophy, have been
undertaken by using the model mdx mice. However,
the size of the dystrophin gene has led to difficulties in
vector construction and efficiency of gene delivery.
This issue was circumvented by the use of truncated
“mini”” dystrophins with functional capacities near that
of full-length dystrophin. Viral or nonviral delivery of
the mini dystrophins has been shown to rescue the
dystrophic muscle in mdx mice (for a review, see van
Deutekom and van Ommen 2003). The mdx mouse
and a minority of DMD patients have a premature stop
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codon in the dystrophin gene. Interestingly, the ami-
noglycoside gentamicin acts as a suppressor of this stop
codon mutation, allowing read-through of the dystro-
phin cDNA. It has been reported that mdx mice trea-
ted with gentamicin have an increased dystrophin
expression level and show improvement in the disease
phenotype (Barton-Davis et al. 1999). In addition, anti-
sense oligonucleotides have emerged as a potential to
induce exon skipping to restore a disrupted reading
frame or omit a nonsense mutation (Lu et al. 2003).

Functional bypassing of the missing protein by acti-
vating an alternative pathway is a relatively new strat-
egy for muscular dystrophy treatment. As already
mentioned, reinforcement of the linkage between DG
and matrix proteins by LARGE (Barresi et al. 2004) or
mini agrin expression (Moll et al. 2001) is an intriguing
strategy for dystroglycanopathies and laminin-deficient
muscular dystrophies, respectively. As for DMD, utro-
phin is a target protein for the compensation of dys-
trophin defects. Utrophin is a homologue of dystrophin
(Tinsley et al. 1992) and is upregulated in the regener-
ating muscle of DMD patients, which has led to the
hypothesis that utrophin might have a complementary
role in dystrophin-deficient muscle (Mizuno et al. 1993).
Accordingly, transgenic or viral expression of full-
length or mini utrophin in mdx mice improves the dis-
ease severity (van Deutekom and van Ommen 2003).
Recently, the administration of L-arginine or transgenic
expression of ADAMI12 (a disintegrin and metallopro-
tease) was reported to enhance utrophin expression
(Chaubourt et al. 2002; Moghadaszadeh 2003). Under-
standing the molecular basis of utrophin upregulation
may lead to the design of new strategies to treat DMD.

Although these strategies suggest potentially excit-
ing ways to treat muscular dystrophies, there are a
number of hurdles to overcome for their eventual use
in humans. Gene therapy will require the development
of methods to deliver the viral vector effectively to all
muscles of the body and also has the problem of
stimulating an immune response. Pharmaceutical
treatments may slow the progression of the disease, but
they do not substantially affect the long-term outcome.
Stem cell therapy may potentially overcome these is-
sues and be a major focus in the future for the man-
agement of a broad range of muscular dystrophies.
Recent studies demonstrated that bone marrow stro-
mal cells (Dezawa et al. 2005) or muscle-derived stem
cells (Tamaki et al. 2005) are able to generate muscle
cells and can repair muscle degeneration in vivo.
Reconstitution of the healthy gene into such stem cells
prepared from the patients and their retransplantation
might be a new potential strategy to treat muscular
dystrophies.
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Conclusion

With the combination of biochemistry, muscle cell
biology, and the use of modeling animals, molecular
genetic-based information has shed light on under-
standing the pathomechanism of muscular dystrophies.
As reviewed, primary genetic or the secondary func-
tional disruption of the matrix-plasma membrane
linkage appears to be the cause of several forms of
muscular dystrophies. The mechanical property of
skeletal muscle is maintained by contractile elements
and elastic elements, which are provided by the sar-
comere and the extracellular matrix, respectively. In
addition, lateral transmission of the contractile force is
mediated by matrix—receptor interaction. Thus, based
on the fact that the matrix—cytoskeleton linkage is a
key for maintenance of skeletal muscle function, sev-
eral therapeutic strategies have been proposed as
introduced in this review and by others. Hopefully,
such approaches will contribute to a greater under-
standing of the disease etiology and lead to appropriate
therapeutic strategies to treat muscular dystrophies.
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