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Muscular dystrophies, the
cytoskeleton and cell adhesion

Heather J. Spence, Yun-Ju Chen, and Steven J. Winder*

Summary

Muscular dystrophies are associated with mutations in
genes encoding several classes of proteins. These range
from extracellular matrix and integral membrane proteins
to cytoskeletal proteins, but also include a heteroge-
neous group of proteins including proteases, nuclear
proteins, and signalling molecules. Muscular dystrophy
phenotypes have also become evident in studies on
various knockout mice defective in proteins not pre-
viously considered or known to be mutated in muscular
dystrophies. Some unifying themes are beginning to
emerge from all of these data. This review will consider
recent advances in our understanding of the molecules
involved and bring together data that suggest a role
for the cytoskeleton and cell adhesion in muscular
dystrophies. BioEssays 24:542-552, 2002.
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Introduction

The muscular dystrophies are a group of inherited disorders of
muscle proteins characterised by progressive muscle degen-
eration. The high degree of organisation in specialised cells
and tissues such as striated muscle makes them particularly
susceptible to the effects of mutations. This is because small
changes caused by mutations are propagated throughout the
ordered lattice resulting in tissue-wide effects. These aberra-
tions are most apparent in mutations in structural and con-
tractile proteins of the highly ordered sarcomere. However, in
addition to maintaining sarcomeric structure, the muscle fibre
must also maintain the sarcoplasmic reticulum and t-tubule
system, an extensive network of mitochondria, and connec-

Institute of Biological and Life Sciences, Glasgow Cell Biology Group,
Scotland.

*Correspondence to: Steven Winder, Institute of Biological and Life
Sciences, Glasgow Cell Biology Group, Davidson Building, University
of Glasgow, Glasgow G12 8QQ, Scotland.

E-mail: s.winder@bio.gla.ac.uk

DOI 10.1002/bies. 10098

Published online in Wiley InterScience (www.interscience.wiley.com.)

Abbreviations: BMD, Becker muscular dystrophy; CMD, congenital
muscular dystrophy; DGC, dystrophin glycoprotein complex; DMD,
Duchenne’s muscular dystrophy; FAK, focal adhesion kinase; LGMD,
limb-girdle muscular dystrophy; NMJ, neuromuscular junction; nNOS,
neuronal nitric oxide synthase

tions between myofibrils and the sarcolemma and between
sarcolemma and the extracellular matrix. The highly ordered
nature of the sarcomere is also reflected in the ordered nature
of cytoskeletal and membrane proteins involved in linking
the contractile apparatus to the membrane and extracellular
matrix. These ordered connections occur at several levels
along the sarcomere and are most evident as bands running
circumferentially around muscle fibres mostly coincident with
Z-lines, but also with the M-line. Striations coincident with the
Z-lines andrich in proteins such as a-actinin, vinculin, talin and
the transmembrane adhesion receptors integrins, have been
termed costameres'" (Fig. 1). Costameres have been defined
as regions of sarcolemmal attachment to the extracellular
matrix, and as being important for the conduction of force
during muscle contraction.” Other regions of connectivity
have been defined in muscle in addition to the costameres;
these include the myotendinous junction and neuromuscular
junction (NMJ), see Ref. 2 for a comprehensive review. Not all
the proteins in costameres and myotendinous junction regions
are involved in maintaining the connectivity between cytoske-
leton and extracellular matrix, e.g. ion channels, but within
these regions of connectivity there are three subsets of cyto-
skeletal membrane attachments: the spectrin-based, the
dystrophin-based and the integrin-based. Whilst the dividing
lines between these complexes are becoming increasingly
blurred, mutations leading to a wide range of myopathies,
atrophies and dystrophies arise in many of these systems.
This discussion is largely restricted to muscular dystrophies
that arise through perturbations in the connectivity between
the cytoskeleton, sarcolemma and extracellular matrix.

Muscular dystrophy and the dystrophin
glycoprotein complex

Since the identification of the dystrophin gene as the source of
the genetic defect in Duchenne muscular dystrophy (DMD)
and its positional cloning by Kunkel and colleagues in the late
1980s,®* considerable effort has been expended on eluci-
dating the molecular associations of the dystrophin protein.
These efforts have led to the identification of a large group of
transmembrane and associated proteins known collectively
as the dystrophin glycoprotein complex (DGC)®~" (Fig. 2).
Subsequent molecular and genetic analysis of many of these
associated proteins has in turn revealed their involvement
in other clinically distinct muscular dystrophies,® Table 1.
Furthermore, mutations in the gene encoding the «-2 chain of
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Figure 1. Costameric organisation in skeletal muscle. Scheme showing the relationship between the Z-lines of myofibrils, costameres
and the costameric arrangement of membrane proteins, either ion channels or adhesion receptors. Individual myofibrils are shown in
black and white; for cytoskeletal connections, actin and desmin filaments and associated proteins are shown in green, and
transmembrane anchoring proteins in purple. The sarcolemma is in yellow.
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the extracellular matrix protein laminin, the muscle isoform of
laminin to which the DGC is anchored in the extracellular
matrix, give rise to yet another form of muscular dystrophy —
congenital muscular dystrophy (CMD) .®® These findings have
led to the paradigm that, in many of these muscular dys-
trophies, the principal defect is the loss of a mechanical link
between the cytoskeleton and the extracellular matrix, which
somehow leads to muscle fragility, contraction-induced
damage and necrosis.® Whilst an attractive hypothesis, this
argument cannot be universally applied, suggesting that other
factors contribute to the disease process including the
perturbation of signalling pathways, (see discussions under
‘Dystrobrevins and Syntrophins’ and ‘Mechanisms of Mus-
cular Dystrophy’).

Dystrophin

Dystrophin serves as a cytoskeletal linker between the
subsarcolemmal actin cytoskeleton and dystroglycan. Dys-
troglycan is a laminin receptor comprising -transmembrane
and a-extracellular subunits (Fig. 2). The a-dystroglycan
subunit in turn binds several extracellular matrix components
including laminin, perlecan and agrin, see Ref. 10 for recent
review. Thus it can be seen that the DGC forms a direct link
between the actin cytoskeleton and the extracellular matrix
and breaks in this link, at any one of several levels, give rise to
muscular dystrophy phenotypes. Loss of dystrophin function,
which completely severs the link between actin and the
membrane, leads to DMD. Interestingly, in the absence of dys-

trophin, there is a concomitant loss of other DGC proteins, "
effectively removing all components from the link. The im-
portance of dystrophin in this link, however, was nicely
illustrated by the overexpression of Dp71, a short C-terminal
isoform of dystrophin that contains the binding sites for
dystroglycan but not actin. Transgenic expression of Dp71 in
mdxmice (see Table 2) that naturally lack dystrophin, restored
the DGC components but failed to correct the muscular
dystrophy phenotype,'>'® clearly pointing to the importance
of the actin cytoskeleton. However, other transgenic ap-
proaches have suggested that the amino-terminal actin-
binding domain of dystrophin was not important for dystrophin
function,' as constructs lacking this region were still able to
rescue the muscular dystrophy phenotype when expressed in
mdxmice. A similar picture is evident in studies of patients with
Becker muscular dystrophy (BMD), a milder allelic variant of
DMD, where some altered but partially functional protein is
expressed.('®1%) These findings seem somewhat paradoxical;
if the dystrophin-mediated link from the actin cytoskeleton to
dystroglycan is so crucial, then one would expect mutations in
the domains that bind to actin and dystroglycan to have the
severest disease phenotype. Whilst this is certainly true for
mutations in the carboxy-terminal regions of dystrophin that
bind to dystroglycan, giving a phenotype similar in severity to
DMD where dystrophin is completely absent, it is not the case
for mutations in the amino-terminal actin-binding region,
where mutations cause a milder BMD phenotype.('>'® The
reason for this inconsistency is due to the presence of at least
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Figure 2. The dystrophin glycoprotein complex of skeletal muscle. Scheme showing a potential arrangement of DGC components in
the sarcolemma and sub-sarcolemmal actin cytoskeleton. Laminin, grey; dystroglycans (a-,B-), light blue; sarcospan (SS), pink;
sarcoglycans (o-, B-, y-, 8-), lilac; syntrophin (syn), light blue; dystrobrevin (DB), orange; neuronal nitric oxide synthase (nNOS, yellow;
dystrophin, magenta; actin, green. Associations shown may not all occur at the same time or in the same location in the sarcolemma.

Table 1. Muscular dystrophies, genes and proteins

Name Chromosome Gene Protein References
Duchenne Xp21.2 DMD Dystrophin @
Congenital 6022 LAMA2 Laminin o2 @
Emery-Dreifuss Xq28 EMD Emerin 78
Emery-Dreifuss 1g11 LMNA Lamin A/C @9
LGMD1A 5031 TTID Myotillin 6
LGMD1B 1q11 LMNA Lamin A/C (80)
LGMD1C 3p25 CAV3 Caveolin 3 ©7)
LGMD1E 7q FLN2? Filamin 27 (68
LGMD2A 15q15.1 CAPN3 Calpain 3 (66)
LGMD2B 2p13 DYSF Dysferlin (81.82)
LGMD2C 13g12 SGCG y-sarcoglycan ®3)
LGMD2D 17912 SGCA a-sarcoglycan &4
LGMD2E 4q12 SGCB B-sarcoglycan 85)
LGMD2F 5031 SGCD 3-sarcoglycan (86
LGMD2G 17g11-12 TCAP Telethonin ©2)
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Table 2. Some mouse mutants and knockouts of muscular dystrophy associated proteins

Name Protein(s) deleted Skeletal dystrophy phenotype References
max Dystrophin” ®7
UTRN™~ Utrophin None but NMJ phenotype (68.89)
mdx/UTRN ™/~ Dystrophin/utrophin Severe (60.91)
dy 2 laminin Severe ©2)
DAG1~~ o/B-dystroglycan Embryonic lethal @n
DAG1~/~ Chimera o/B-dystroglycan Severe @8
Scga ™/~ a-sarcoglycan Moderate (©3)
Scgb™~ B-sarcoglycan Moderate ©4
Scgg ™~ y-sarcoglycan Severe ©5)
Scgd™~ 3-sarcoglycan Severe (©6)
aDbn ™"~ a-dystrobrevin S
aSyn~’~ a-syntrophin None (NMJ phenotype) (38.39)
Sspn~'~ Sarcospan None ©n
"mdx and dy mice are not true nulls but lack functional full-length protein.

two, well-separated strong actin-binding sites, one present at
the amino terminus and one in the coiled-coil region, which
serve to delimit a large region of dystrophin that can interact
with F-actin in a co-operative manner analogous to F-actin
side-binding proteins like tropomyosin or nebulin.!'”"'® Dele-
tion of only one of these sites is presumably insufficient in itself
to abolish all actin-binding function in dystrophin, thus some
connectivity between actin and extracellular matrix is main-
tained. Interestingly the autosomal homologue of dystro-
phin, utrophin, whilst biochemically equivalent in most
respects, %29 appears to lack this function,®" though it can
functionally replace dystrophin and reduce the dystrophic
phenotype when overexpressed in maxmice.?? Most recently
it has been demonstrated that lack of dystrophin not only leads
to the loss of other DGC components but also, and perhaps
rather surprisingly, a dramatic reduction in the affinity of any
membrane protein-linkage to the entire subsarcolemmal actin
cytoskeleton.(za) Itis perhaps therefore not too surprising that
muscle cell integrity is compromised in the absence of dys-
trophin, as without this link to the subsarcolemmal actin, even
in the presence of integrins that can link the membrane to actin
via a-actinin and vinculin®® and ion channels that can link the
membrane to actin via spectrin,® these latter connections
would not appear to be strong enough to withstand mechanical
forces, or perhaps more likely do not confer appropriate
signalling properties in response to contraction to withstand
mechanical forces.

Dystroglycan

Dystroglycan is a ubiquitously expressed laminin receptor,
with a role in basement membrane assembly,(ze) thus it is
perhaps not surprising that mice deficient for dystroglycan
were not viable.®” A similar finding has been observed for
deletion of other cell adhesion molecules such as integrins
(see below). Chimeric deletion of muscle dystroglycan, the

main link between the DGC and both the actin cytoskeleton
and the extracellular matrix, did lead to muscular dystrophy.@®
To date however, genetic lesions in the dystroglycan gene
have not been associated with any human disorder. For recent
comprehensive review see Ref. 10.

Sarcoglycans

The limb-girdle muscular dystrophies (LGMD) are a hetero-
geneous group of muscular dystrophies, several of which were
mapped to genes for the sarcoglycan components of the DGC
(Fig. 2). Precisely how mutations in any one of the four sarco-
glycans (see Table 1) leads to muscular dystrophy is not clear,
but transgenic mice with knockouts of individual sarcoglycans
(Table 2) have begun to provide some molecular details of
disease pathology. Loss of sarcoglycan expression does not
lead to a complete loss of DGC components as in dystrophin
deficiency, though DGC components may be reduced. It does
however selectively reduce all sarcoglycans at the sarco-
lemma. This has led to the suggestion that sarcoglycans may
also perform a separate role in maintaining muscle inte-
grity, perhaps in a non-structural or signalling capacity. This
hypothesis is supported by evidence that sarcoglycans, whilst
clearly members of the DGC, form a biochemically distinct sub-
set of the DGC inasmuch as they can be differentially extracted
as a subcomplex from the dystroglycans and the rest of the
DGC,® and appear to be synthesised and assembled as a
complete unit.®® Clear evidence of a role for sarcoglycans in
signalling has not yet been forthcoming, but sarcoglycan
deficiency in mice does involve other muscle groups including
cardiac and vascular, to an extent not seen in the dystrophi-
nopathies, (see also “Myofibrillar proteins’ below).

Dystrobrevin and syntrophins

Dystrobrevin is a cytoplasmic protein associated with the
carboxy-terminus of dystrophin, and whilst it is not known to be
associated with human disease, mice lacking «-dystrobrevin
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displayed a muscular dystrophy phenotype.®" Dystrobrevin is
able to associate with both syntrophins and dystrophin via
coiled-coil interactions, ®2~** and disruption of these associa-
tions in turn affect the recruitment of neuronal nitric oxide
synthase (nNOS) to the sarcolemma via syntrophins,©®®
implicating nitric oxide synthase signalling in the pathogenesis
of muscular dystrophy. nNOS levels are also reduced in
DMD.®1:3536) This might simply be thought to be a conse-
quence of disruption of the binding site for NNOS due to the
loss of syntrophins and dystrobrevin from the sarcolemma
concomitant with the loss of the DGC but, interestingly, loss of
a-dystrobrevin from muscle does not lead to loss of other
dystrophin glycoprotein complex proteins. It is concluded from
this that it is solely the loss of nNOS from the complex that is
responsible for the muscular dystrophy phenotype in this case.
The situation is not quite so simple however, because mice
deficient in nNOS do not exhibit muscular dystrophy,®” and
mice lacking a-syntrophin also lack sarcolemmal nNOS, but
have no overt muscle phenotype.®® This apparent paradox is
probably best explained by nNOS binding only to a complex
containing dystrobrevin and a-syntrophin (see discussion in
Ref. 36). Nevertheless, nNOS is strongly implicated in the
pathology of DMD. More detailed analysis of a-syntrophin-
deficient mice also revealed a NMJ defect with reduced post-
junctional folds, fewer acetylcholine receptors and the specific
absence of utrophin despite the presence of B2-syntrophin,
dystrophin and dystrobrevin.®® Previous work suggesting
that a-syntrophin was required for the localisation of sodium
channels at the sarcolemma have recently been challenged,
mice expressing an a-syntrophin mutant lacking the PDZ
domain, which was shown biochemically to be required for
sodium channel binding, had normal levels of sodium channels
at the sarcolemma, but did show reduced levels of NNOS and
an aquaporin.®® A further level of complexity is the finding that
B2-syntrophin associates with serine/threonine kinases, some
of which are known to be microtubule associated.“" These
microtubule-associated and syntrophin-associated serine/
threonine kinases add another level of signalling potential to
the dystrophin and utrophin glycoprotein complexes, and may
also serve to connect these complexes to the microtubule-
based cytoskeleton.“" Moreover, o1-syntrophininteracts with
the stress-activated protein kinase-3 (ERK6) via its PDZ
domain,“® leading to the phosphorylation of a1-syntrophin.
The precise role of a.1-syntrophin phosphorylation is not clear,
but expression profiling in DMD not only revealed a 14-fold
reduction in a1-syntrophin expression, but also 10-fold decre-
ase in ERK6 expression (amongst many otherthings),(“?’) sug-
gesting some sort of co-ordinated regulation between stress-
activated protein kinase-3, a1-syntrophin and dystrophin.“3)

Integrins
Mutations in integrins are not generally known to be associated
with human disease. Mice deficient for integrin subunits

usually have preimplantation defects or are embryonic lethal.
The localisation of integrin subunits to regions of cell adhesion
in muscle, i.e. myotendinous junction and costameres as well
as to the neuromuscular junction, strongly support a role for
integrins in maintaining adhesion links in muscle. It is perhaps
not surprising therefore that deletion of individual integrin
subunits in mouse leads to dystrophic phenotypes. From
experiments conducted on chimeric mice or embryonic stem
cells, it is clear that there is a role for integrins in the organis-
ation of both basement membrane and the cytoskeleton in
muscle cells. In particular, o581 integrins were shown to
localise with dystrophin during muscle development.4
Interestingly, it has been reported that 581 integrin may also
beinvolvedin signalling to the dystrophin glycoprotein complex
via Src or focal adhesion kinase (FAK), resulting in the specific
phosphorylation of o- and y-sarcoglycans in cultured L6
myocytes.“® Though the consequences of these phosphor-
ylation events are unclear. Integrin o5-deficient mice are
embryonic lethal, whereas mice chimeric for integrin o5, with a
high level of o5 integrin-deficient muscle fibres, develop a very
early muscular dystrophy phenotype.®® Mutations in the
muscle-specific o7 integrin are the cause of a congenital
myopathy.“”) The disruption of the integrin o7 subunit in mice
surprisingly did not cause lethality; however, mice did exhibit a
novel form of muscular dystrophy.“® In addition, studies have
implicated o7f31 integrin in the organisation of the muscle
basement membrane.*® What the precise role of integrins
are inthe overall connections between cytoskeleton and extra-
cellular matrix in muscle awaits further analysis. What is clear,
however, is that integrins play a crucial role in concert with
dystroglycan in the organisation of the extracellular matrix and,
in particular, the formation of the muscle basal lamina.*%:5°)
Recent evidence suggests cooperativity between extracellular
matrix protein receptors and organisation of the extracellular
matrix. Dystroglycan appears to bind initially to laminin follow-
ed by laminin associating with $1 integrins. Dystroglycan binds
to specific laminin G-domains (LG), crystallographic studies of
these LG domains reveal the structural basis for dystrogly-
can—laminin interactions.®""5? Furthermore, these structural
studies also reveal the molecular basis for dystroglycan inter-
action with the related LG domains from agrin and perlecan. A
network of laminin, dystroglycan and integrins then undergoes
rearrangements with associated reorganisation of the actin
cytoskeleton.“®%%) Consequently, a reciprocal distribution of
dystroglycan and integrin arises with corresponding reciprocal
arrangements in the cytoskeleton associated with these trans-
membrane receptors. Perlecan, another ligand for dystrogly-
can, has also been implicated in the process, such that 1
integrins and perlecan are required for the overall assembly of
the laminin matrix after it was bound to the cell by dystro-
glycan.(so) All these studies clearly point to a role for cell
adhesion in maintenance of muscle integrity. Furthermore,
depending upon the particular cell adhesion receptors
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employed, then different aspects of the cytoskeleton are also
involved in binding to these receptors. Some of the molecular
mechanisms that underlie the interactions between dystrogly-
can and laminin and between laminin and integrins are
gradually becoming better understood. As suggested above,
perlecan co-operates with laminin in the establishment of a
dystroglycan- and integrin-containing lattice on the surface of
muscle cells.®® The failure of the formation of this primary
laminin scaffold is thought to be the main cause of congenital
muscular dystrophy (CMD), which arises through mutations in
the laminin o2 chain (Table 1). There also appears to be a
reciprocal and partially compensatory upregulation of o731
integrins or laminin chains where either one is absent or
reduced (see Ref. 53 for review). Moreover, it has recently
been demonstrated that the dystrophic phenotype can be
rescued by the overexpression of the heterologous protein,
agrin, which also contains LG domains that are capable of
binding to dystroglycan.®®® It would appear, therefore, that
there is functional redundancy at the level of the extracellular
matrix, where several LG module-containing proteins may be
able to substitute for each other in the maintenance of the DGC
and muscle basal lamina.

Intermediate filaments and muscular dystrophy
Despite the critical role for intermediate filaments in the
maintenance of cellular architecture, proof of a direct role for
intermediate filaments and intermediate-filament-associated
proteins in muscular dystrophy has been somewhat elusive.
Various reports have described a desmin-related myopathy,
though, in some cases, a direct role for desmin has been ruled
out,® while, in others, it has been shown to be the direct
cause of the disease.®>%® However, in all cases, it does
appear that the mis-assembly or mis-accumulation of desmin-
containing intermediate filaments in muscle is responsible for
the skeletal and cardiac myopathy associated with these
syndromes. Furthermore, deletion of the desmin gene in mice
also leads to similar phenotypes.®®” Desmin is believed to
be important for the maintenance of Z-line-to-Z-line connec-
tions and for Z-line-to-costamere connections (Fig. 1; see also
Ref. 24 and references therein). It is not surprising, therefore,
that mutations that alter the packing of intermediate filaments
would lead to a muscular dystrophy phenotype.

Mutations in plectin, the cytolinker protein capable of
connecting actin filaments, intermediate filaments and micro-
tubules, gives rise to a form of muscular dystrophy associated
with epidermolysis bullosa.®®® Plectin is known to be asso-
ciated with hemidesmosomes where it connects intermediate
filaments with integrins involved in cell-substrate adhesions.
In muscle, mutations in the plectin gene may give rise to
reduced cell-substrate contacts through interfering with
associations between plectin and desmin, integrins and the
DGC in costameres, which would be likely to lead to muscular
dystrophy.

Myofibrillar and associated proteins

It is clear from the discussion above that connections from
cytoskeleton to the extracellular matrix are vital for muscle
integrity. The maintenance of a direct link between the cyto-
skeleton and the extracellular matrix has been suggested to be
important for force transmission during muscle contraction,
and disruptions in this link, especially when dystrophin is
absent, lead to membrane fragility and resultant necrosis such
as is seen in Duchenne muscular dystrophy. Itis not surprising
therefore that mutations in proteins that are directly involved in
costameric attachments can also lead to muscular dystrophy.
Recent progress in elucidating the mechanisms underlying the
heterogeneous group of muscular dystrophies known as limb-
girdle muscular dystrophy (LGMD: see Table 1) has revealed
several proteins involved in the maintenance of the link
between extracellular matrix and cytoskeleton. Included
among these are the sarcoglycans referred to above, but also
proteins such as myatillin and telethonin, sarcomeric proteins
associated with the Z discs of striated muscles.®¢°) Myotillin
was identified as an a-actinin-interacting protein that localised
to the I-bands of striated muscle,®® and was subsequently
identified as the gene mutated in LGMD1A." Mutations in the
Z-disk protein telethonin give rise to LGMD2G.®2 Telethonin
interacts with, and is regulated by the sarcomeric assembly
protein titin. These findings suggest that muscle cell integrity
may be regulated by two independent roots. One involves
physical links between the cytoskeleton and the extracellular
matrix via proteins such as dystrophin and the other involves
the direct integrity of the myofibrillar apparatus itself. However,
these two things are not completely independent. The Z disc
structures of striated muscle are in part associated with
membrane regions known as costameres (Fig. 1). Costa-
meres have been defined as regions of sarcolemmal attach-
ment to the extracellular matrix, and as being important for the
conduction of force during muscle contraction.(" Therefore,
the integrity of the costamere and its underlying Z-disc are
important for muscle structure, and mutations that arise in
proteins associated with assembly of either structure would be
likely to lead to muscle dysfunction. An interesting addition to
this story is the finding that the product of the muscle-specific
filamin gene known as filamin 2 or y-filamin has been found
to interact with both y- and &-sarcoglycans,®® and also
myotillin®® (Fig. 3). Furthermore, the filamin 2 gene localises
to a region of chromosome 7q that is also associated with
LGMD1E.® |t has been proposed €364 that filamin may be
part of a regulatable link between the membrane and
sarcomere. In LGMD2C and LGMD2GF, caused by mutations
in the y- and d-sarcoglycan genes respectively, the fraction of
filamin 2 localised to the sarcolemma is greatly increased.®

Calpain and caveolin
Calpain 3 is mutated in the autosomal recessive LGMD2A
and caveolin-3, the muscle-specific isoform of caveolin, is

(66)
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Figure 3. Costameric, myofibrillar and dystrophin-associated proteins in muscle. Scheme showing a possible arrangement of the
dystroglycan complex (colours as Fig. 2) with filamin 2, blue; integrin o731, red; caveolin-3, purple; myotilin, green; o-actinin, orange;

calpain, pink.

known to be mutated in the autosomal dominant LGMD1C®?

(see Table 1). Calpain and caveolin are not myofibrillar pro-
teins, nor are they involved directly in cell adhesion or the
cytoskeleton, but they will be discussed here by virtue of their
involvement in LGMD and possible common mechanisms of
action involving myofibrillar proteins in muscular dystrophy
(see ‘Mechanisms’ below). Calpain-3 has been shown to
interact with myofibrils presumably because of its ability to
associate with titin.®® The precise role of calpain-3 in normal
muscle is still not clear, but it has been suggested that calpain-
3 may also serve to regulate filamin 2 function,®® in a manner
similar to the well-documented activity of non-muscle calpain
in regulating filamin 1 and spectrin activity.”’® This again
suggests common mechanistic roles for several proteins
involved in distinct LGMD types, i.e. calpain, myotillin, tele-
thonin, and potentially filamin 2 (Fig. 3).

Caveolin-3 is the principal structural protein of caveolae in
striated muscle, and is associated with the dystrophin—
dystroglycan complex.”") Mutations in caveolin-3 leads to a
muscular dystrophy phenotype, ©”) but transgenic overexpres-
sion of caveolin 3 in striated muscle also leads to a Duchenne
muscular dystrophy phenotype.”® Caveolin-3 has recently
been shown to interact with p-dystroglycan.”® Furthermore, it
was shown that caveolin-3 interacted with the same binding
site on B-dystroglycan as dystrophin, and that caveolin-3 could
compete with dystrophin for binding to B-dystroglycan. These
biochemical findings explain the apparent paradox from the
tran sgenic experiments. Despite caveolin-3 being associated
with the dystrophin—dystroglycan complex, by competing for
binding sites on B-dystroglycan, it excluded dystrophin bind-
ing. This was sufficient to disrupt the link between the actin
cytoskeleton and the extracellular matrix leading to a
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Duchenne muscular dystrophy-like phenotype. In addition, the
interactions between caveolin or dystrophin and p-dystrogly-
can could potentially be regulated by tyrosine phosphorylation
of B-dystroglycan, =" providing a molecular switch to alter
the localisation and subunit composition of the DGC in the
sarcolemma (Fig. 3). Furthermore, the potential for tyrosine
phosphorylated B-dystroglycan to interact with other signalling
pathways via SH2 domain-dependent interactions has re-
cently been described.®

Mechanisms of muscular dystrophy

The underlying theme of this review has been that compromis-
ing the connectivity and physical stability of the muscle
membrane through one of several mechanisms leads to mus-
cular dystrophy. The ordered connections between sarcomere
structures such as the Z disc and the costameres are
apparently crucial for the maintenance of muscle integrity.
Mutations arise at several points in this series of connections,
from within the Z discs themselves, as is the case of telethonin
and myotillin, through dystrophin and other proteins of the
DGC such as sarcoglycans, to laminin in the extracellular
matrix. In each case, the perturbation of the ordered ultra-
structure and/or the physical disruption of the link is sufficient
to weaken the connectivity between cell and matrix leading to
myofibre damage. As alluded to in the Introduction, mutations
in myofibrillar proteins lead to disorder in the regular spacing of
the sarcomeric structure with obvious consequences for the
ability of the muscle to contract efficiently. A consequence of
the myofibrillar disorder is also likely to be a disruption and
irregularity of the spacing of Z discs, resulting in suboptimal
spacing of costameric connections to the extracellular matrix,
which in turn are also likely to lead to membrane fragility in the
wake of the stresses and strains of contraction.

The costameres of striated muscle are analogous struc-
tures to the well-studied focal adhesions of fibroblast and other
cell types with which they share common protein components
such as vinculin, talin, and integrins. Focal adhesions are
highly dynamic structures, the assembly and disassembly of
which is regulated by the combined effects of Src and FAK
tyrosine kinases, Rho family GTPases, mitogen-activated
protein kinases and a host of other signalling molecules. The
regulation of costamere assembly and disassembly is poorly
understood, but once assembled in mature muscle, they are
unlikely to be subject to the dramatic and dynamic assembly
and disassembly cycles seem with their cousins the focal
adhesions. Nevertheless, FAK has been shown to be asso-
ciated with myofibres and to result in the phosphorylation of
sarcoglycans, see above. Costameric structures are unlikely
to be completely static and local reassembly following muscle
damage and de novo assembly in newly differentiating muscle
cells must be somehow regulated. Itis conceivable that loss of
regulatory proteins such as caveolin 3 or calpain 3 disrupt
these processes leading to inefficient assembly or repair. The

physiological role of calpain in skeletal muscle is largely
unknown, it may be mobilised in damaged muscle for local
proteolysis of sarcomeric components in order that new struc-
tures can be reassembled, or the action of calpain may be
required in order to cleave specific sarcomeric proteins during
the assembly process. In either case, mutations in calpain
would have a deleterious effect on muscle leading ultimately to
dystrophic symptoms. The apparent ability of dystroglycan
phosphorylation to serve as a switch to allow interaction with
either caveolin or dystrophin, and the clear evidence that
caveolin can compete with dystroglycan for dystrophin bind-
ing, suggests a regulatory role for caveolin in assembly or
disassembly of the DGC. Caveolin, in restricting the availability
of dystroglycan by its sequestration to caveolae, could effec-
tively control the amount of mature DGC present at the
sarcolemma potentially under the ultimate control of tyrosine
phosphorylation.

Conclusions

The maintenance of muscle structure through the attachment
of the myofibrils from the Z-line through the costameres to the
sarcolemma and extracellular matrix is vital for both force
transmission and maintenance of muscle integrity. Mutations
in several proteins that are associated with the connectivity
from Z-line to extracellular matrix give rise to muscular
dystrophy phenotypes, outlining the importance of this link.
However, not all mutations associated with muscular dystro-
phy involve the structural elements of subsarcolemmal costa-
meric complexes. There are an increasing number of proteins
associated with the adhesion structures of muscle that are
also signalling molecules or adaptors including calpain and
caveolin, or nuclear proteins such as lamin A or emerin. It
seems intuitive that disruption of structural elements would
lead to muscular dystrophy in a physically active tissue such as
muscle, but how mutations in signalling molecules or nuclear
proteins give rise to the same phenotypes is less clearly
understood. The challenge now is to integrate the pathways
connecting structural, cytoskeletal and signalling molecules in
order that we can more fully understand the role of the cyto-
skeleton and cell adhesion in muscular dystrophies.
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