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Abstract

Dystrophin and its associated glycoprotein complex (DAGC) effectively links the actin
associated cytoskeleton of the muscle fibre with laminin in the extracellular matrix. The DAGC
may be divided into two sub-complexes, namely dystroglycans and sarcoglycans, with the
dystroglycan complex forming the principal linkage between the dystrophin and laminin. This
arrangement is widely attributed with arole in maintaining membrane integrity during repeated
cycles of contraction and relaxation, a hypothesis that is seemingly supported by observations
of elevated concentrations of dystrophin at the costameres and myotendinous junctions.
However, dystrophin is present in developing human muscle by 8 weeks of gestation and can
be shown to co-localise with laminin from the earliest stages of secondary myotube formation.
Furthermore, o-dystroglycan has now been shown to be a major binding protein of agrin and
has been implicated in the formation and stabilisation of the neuromuscular junction. These
observations suggest that the DAGC may prove to have an important part to play in membrane
signalling events during muscle formation. In this respect the present review outlines what is
currently known concerning the distribution of dystrophin and the DAGC during muscle

development.
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A variety of adhesion receptors allow cells to interact
with the surrounding extracellular matrix. The integrin
family of receptors are well known in this regard and have
been shown to mediate a wide range of responses that
include cell growth, gene expression and differentiation
[28]. Fundamental to the ability of these receptors to regu-
late such processes is their ability to form a physical
linkage between the cell cytoskeleton and the extracellular
matrix. In recent years the search for the underlying cause
of muscular dystrophy has identified a group of proteins
and glycoproteins that appear to fulfil a similar role [19,
30]. Dystrophin was the first protein of this group to be
identified [26] and the transmembrane complex with which
it associates is now referred to as the dystrophin associated
complex (DAGC). The disruption of this complex due to
mutations in one component results in muscle fibre degen-
eration and muscular dystrophy [63]. The most severe
phenotype is shown by patients with Duchenne Muscular

Dystrophy (DMD), which is caused by the absence of

dystrophin itself. Despite numerous attempts to precisely
define the role of dystrophin and the DAGC, their function
remains unclear. One widely held hypothesis is that this
arrangement functions to maintain membrane integrity
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during repeated cycles of contraction and relaxation. How-
ever, recent studies of post-synaptic differentiation suggest
that this complex may also have a signalling role during
development. In order to examine this hypothesis further
the present review outlines what is currently known con-
cerning the expression of dystrophin and the DAGC during
skeletal muscle development.

Components of the dystrophin-glycoprotein C(:mplex

Dystrophin is a 427 kDa protein that in adult muscle
localises to the cytoplasmic face of the sarcolemma [61]
and the post-synaptic membrane of the neuromuscular

junction [10]. It is also found at much lower levels in the

brain where it locates to the postsynaptic density of a subset
of neurons [2]. Full length dystrophin consists of four
structurally distinct domains namely (i) an N-terminal
actin binding domain [14, 24, 36] (ii)a large spectrin-like
rod domain [35] (iii)a cysteine-rich domain and (iv) a C
terminal region with homology to only utrophin (autoso-
mal homologue of dystrophin). The N-terminal regions of
dystrophin bind to sub-sarcolemmal F-actin, whilst the
cysteine rich and C terminal domains bind to the DAGC
[54, 55]. As a consequence of these interactions, both the
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N- and C- terminal regions of dystrophin are able to
localise independently to the muscle fibre membrane [16],
and they effectively link the muscle fibre cytoskeleton with
the extracellular matrix [18, 30].

The DAGC may be divided into two sub-complexes,
namely the dystroglycan complex which is composed of
o-dystroglycan (156 kDa) and B-dystroglycan (43 kDa),
and the sarcoglycan complex which is composed of ot-sar-
coglycan (also known as adhalin) (50 kDa), B-sarcoglycan
and y-sarcoglycan (35 kDa) (see Fig. 1). The sarcoglycan
complex indirectly links to dystrophin via the dystroglycan
complex, although the precise nature of the relationship
between the two complexes is at present unclear.

Human dystroglycan is encoded by a single gene mapped
to chromosome 3 band p21. The cDNA encodes a precur-
sor protein of 97 KDa which is post-translationally proc-
essed into - and B-dystroglycan {31]. o-Dystroglycan is
a highly glycosylated peripheral surface proteoglycan
which is able to bind to the G domain of laminin, merosir
[15, 19, 30] and agrin [11, 22] in the extracellular matrix.
B-dystroglycan is a transmembrane protein, the extreme C
terminus of which, constitutes a unique binding site for the
second half of hinge 4 and the cysteine-rich region of
dystrophin [32]. o- and B-dystroglycan are tightly associ-
ated and form the principal linkage between the fibre
cytoskeleton and the surrounding extracellular matrix.
Dystroglycan is widely expressed in muscle and non mus-
cle tissues. The carbohydrate moieties rather than the pro-
tein sequence differ between tissues, an example being
cardiac muscle where o-dystroglycan is of alower molecu-
lar weight compared to skeletal muscle. This variable
glycosylation of the protein core has been suggested to
modulate laminin binding [31].

To date no pathologies arising from the absence of
dystroglycan have been reported. However, it is possible
that in view of the expression of dystroglycan in non
muscle cells [29, 30], its proposed role during epitheliai
morphogenesis [17], and the fact that the number of base-
ment membrane components to which dystroglycan binds
is still unknown, dystroglycan mutations may actually
prove to be lethal during development.

By contrast a number of mutations in the sarcoglycan
complex have now been shown to be the underlying cause
of various forms of muscular dystrophy. For example,
defects in the o-sarcoglycan gene have been associated
with a form of late onset autosomal recessive muscular
dystrophy (ARMD [25], mutations in the B-sarcoglycan
gene appear to be the cause of some forms of limb girdle
muscular dystrophy (LGMD), and deletions in the y-sarco-
glycan gene have now been associated with severe child-
hood autosomal recessive muscular dystrophy (SCARMD
[44]. In addition a specific deficiency of merosin, the
laminin M chain, results in a classical non-Japanese form
of congenital muscular dystrophy [58] and dystrophia
muscularis in mice [53, 64].

Additional proteins that associate with the DAGC

Utrophin was first identified by its sequence homology
to the C-terminus of dystrophin, and is now recognised as
the autosomal homologue of dystrophin [34, 37]. It is
encoded by a gene on the long arm of human chromosome
6 and mouse chromosome 10 [8]. By contrast with dystro-
phin, whose expression during development is largely
limited to mesodermal derivatives such as cardiac and
striated muscle, utrophin is abundantly expressed in neural
tube, neural crest derivatives and the tendons of the digits
[47]. Differences are also apparent in the adult where
dystrophin is limited to predominantly skeletal, cardiac
and smooth muscle with lower levels evident in the brain,
and utrophin is found in a variety of tissues which include
liver, kidney, muscle, testis and brain [38].

The sequence homology between utrophin and dystro-
phin extends throughout their entire Iength, but is greatest
at the C-terminus where it reaches around 80% [57]. In
view of this homology it is perhaps not surprising that
utrophin associates with the either the same or an antigeni-
cally similar DAGC [39]. Dystrophin and utrophin both
complex with dystroglycan at the neuromuscular junction.
However, utrophin is confined to the crests of the post-sy-
naptic folds in close association with the AChR clusters,
whereas dystrophin is found in the depths of the folds, a
region that is sparse in AChRs but enriched in sodium
channels [49].

The electroplaques that make up the electric organ of
Torpedo are derived from immature striated muscle cells
in the embryo and posses many of the morphological and
biochemical characteristics of mammalian neuromuscular
junctions. The 87 kD protein, or dystrobrevin, was first
identified as a postsynaptic protein of Torpedo electric
organ where it has been shown to associate with dystrophin
and syntrophin [9]. The dystrophin-associated protein
originally known as A0 now appears to be an isoform of
this 87 kD protein, which shows homology with the cyste-
ine-rich and C-terminal domains of dystrophin [67]. Whilst
only one transcript is expressed in Torpedo, several
mRNA’s have recently been detected in the mouse and
shown to be generated by the differential expression of
multiple isoforms from a single gene locus [4]. These
isoforms are predicted to interact” with both dystro-
phin/utrophin and syntrophin at the neuromuscular junc-
tion and sarcolemma where they have been shown to
localise [4].

The syntrophins are a biochemically heterogeneous
group of 58 kDa intracellular membrane-associated dystro-
phin-binding proteins. They represent the mammalian
homologue of the Torpedo 58 kDa postsynaptic protein,
[18, 66] and directly associate as a complex with the

" carboxyl-terminal domain of dystrophin, probably at mul-

tiple interaction sites [54, 65]. At present, one acidic syn-
trophin (ct1) and two basic syntrophins (B1 and B2) have
been identified in muscle. Comparisons of the deduced
amino acid structure of the three human isoforms of syn-
trophin show an overall similarity. Furthermore, the de-

- 450 -



Dystroglycan complexes and muscle development

Muscle fibre plasma
membrane

Figure 1. Diagrammatic representation of dystrophin and
the dystrophin associated glycoprotein complex
(DAGC). The DAGC consists of - and B- dystro-
glycan (o- and B DG) and o-, B- and y-sarcoglycan
(0, B- v SG). o-dystroglycan binds to merosin in
the extracellular matrix whilst dystrophin, through
its binding to B-dystroglycan, links the entire com-
plex to the actin associated cytoskeleton.

duced amino acid sequences of human ol and 2 syntro-
phin are nearly identical to their homologues in the mouse,
indicating a strong conservation among the individual
isoforms [1]. o-syntrophin is most abundant in heart and
skeletal muscle locating to the sarcolemma whereas B1 and
B2 syntrophin are expressed more widely. In muscle B-syn-
trophin localises to the neuromuscular synapses although
the structural determinants of this specificity are at present
unknown. Syntrophin does not exhibit any DAGC binding
activity [65], but interacts with peptides encoding regions
of dystrophin, utrophin and Torpedo 87 kD protein [1]. In
addition it has recently been shown that nNOS (nitric oxide
synthase) binds directly to o1 syntrophin via a PDZ motif
implying that syntrophin may function as an adaptor pro-
tein linking a signalling enzyme to the sarcolemmal dystro-
phin complex [7]. There is at present no indication that
defects in syntrophin expression lead to any form of
neuromuscular disease.

The expression of utrophin and dystrophin during skeletal
muscle development

Utrophin locates to the myotube membrane from before
9 weeks of gestation of human development, although at
this time there is some variability both between and within
individual myotubes [13]. Immunolabelling of utrophin
becomes more uniform at around 17-18 weeks gestation
when expression is maximal, after which there is a marked
decline such that by 26 weeks sarcolemmal staining is
negligible [13]. In adult muscle utrophin locates solely to
the postsynaptic membrane of the neuromuscular junction,
[45, 56] and the myotendinous junction, although it reap-
pears at the sarcolemma of regenerating muscle fibres [33,

38]. The functional significance of why utrophin is re-
placed by dystrophin is unclear, but may relate to some
form of functional adaptation at the membrane level as the
fibre becomes fully active.

The distribution of dystrophin in the adult muscle fibre
is similar to the so-called costameric lattice which is com-
posed of cytoskeletal proteins such as vinculin, talin, spec-
trin and y-actin. It is these proteins which, in interactions
with specific cell surface glycoproteins, are thought to
mediate the trans-membrane interaction of contractile ele-
ments at the level of the Z disc with the extracellular basal
lamina [46]. Dystrophin can be detected in human skeletal
myotubes by 8 weeks of gestation [12, 42] prior to the
appearance of functional innervation. Most reports on the
localisation of dystrophin during human muscle develop-
ment, have noted that during the early stages of myotube
formation dystrophin accumulates in the cytoplasm before
becoming associated with the membrane, thereby confirm-
ing earlier work on cultured myotubes [12, 41, 43].

The initial cytoplasmic localisation of dystrophin has
recently been investigated at the electron microscope level,
and appears to be due to an apparent association between
dystrophin and the intermediate filaments that interconnect
the myofibrils, and the I band of the sarcomere [43]. This
apparent co-localisation with desmin implies that dystro-
phin may play a role in the three dimensional organisation
of the myotube cytoskeleton. Such a role would be ex-
pected to be redundant at the end of myotube maturation,
and may be one explanation as to why dystrophin locates
to the membrane as the myotube differentiates [43]. These
observations suggest that dystrophin may fulfil several
functions during myotube maturation, and the existence of
several developmentally regulated isoforms that appear to
differ in the C terminal region, may be an indication of this
[12, 62]. However, as to whether any isoforms are specifi-
cally associated with the intermyofibrillar cytoskeleton
rather than the membrane cytoskeleton is at present un-
clear. In this regard it is interesting to note that in cardiac
muscle, approximately 35% of the 427 kDa form of dystro-
phin, associates with the Z disc regions of the myofibrils
[40]. The existence of distinct pools of dystrophin is of
considerable interest and supports the concept that dystro-
phin may serve diverse roles through various molecular
associations.

In view of the expression of dystrophin in vitro, and the
timing of events in vivo, it seems that neural factors do not
play a significant part in initiating the synthesis of dystro-
phin. As to whether dystrophin expression is stimulated by
some local biochemical or mechanical influence is uncer-
tain, since reports of an early accumulation of dystrophin
at the distal ends of the early myotubes immediately adja-
cent to-the tendons [62] have not been confirmed by others.

By 17 weeks gestation dystrophin is membrane associ-
ated in both type | and type 11 fibre types, i.e. both primary
and secondary myotubes [62]. At this stage myotubes are
characteristically arranged in ‘clusters’ each of which con-
sists of a single primary myotube surrounded by several
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secondaries (see Fig. 2). Whilst dystrophin is membrane
associated in both myotube generations, it appears to be
absent from those areas not in direct contact with the
extracellular matrix. This can be shown by double labelling
muscle sections with either antibodies to dystrophin and
laminin, or NCAM and laminin. Dystrophin and laminin
clearly co-localise (Fig. 3a & b), as has been shown pre-
viously in cultured myotubes [15]. NCAM and laminin
also co-localise except in those areas of membrane appo-
sition between the primary and secondary myotube, where
NCAM expression is evident but laminin is absent (Fig. 3¢
& d). In view of the exact co-localisation of dystrophin
with laminin, these areas must be assumed to also be
deficient in dystrophin. Since dystrophin is expressed and
membrane associated in both primary and secondary myo-
tubes at this stage, these observations cannot be related to
differences in myotube maturity but rather to the formation
of the basement membrane. These observations are inter-
esting since they indicate that at this stage the dominant
mechanism linking dystrophin with the membrane, is
through its C terminal domains and the DAGC rather than
simply through binding to sub-plasmalemmal actin.

The DAGC during skeletal muscle development

The composition of the DAGC during the early stages of
muscle development when utrophin, rather than dystro-
phin, is present at the myotube membrane has not been well
studied. However, in situ hybridisation indicate that
dystroglycan transcripts are ubiquitously expressed
throughout development, being most abundant in cardiac,
skeletal and smooth muscle and in ependymal cells lining
the developing neural tube and brain [48]. The expression
patterns of dystrophin and dystroglycan overlap in the
major muscle systems during development implying that
the DAGC plays an important role during myogenesis. By
contrast, the major sites of utrophin expression do not
overlap with those of dystroglycan, suggesting that utro-
phin associates with a distinct complex at other non-muscle
sites [48].

Immunocytochemical studies indicate that when dystro-
phin is first expressed at 8 weeks gestation B-dystroglycan
is scarce [42]. This might be expected given that at this time
dystrophin locates to the cytoplasm rather than the mem-
brane. Dystrophin expression is closely paralleled by that
of syntrophin [59], which seems to suggest that the sub-
sarcolemmal proteins assemble first. The dystroglycan
complex appears after dystrophin, and is followed by the

Figure 2. Electron micrograph of 16 days gestation fetal mouse muscle showing a primary myotube surrounded by two
secondary myotubes all of which are enclosed within a single basement membrane.
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Figure 3. Immunolocalisation of dystrophin (a) and
laminin (b) in a single transverse section of human

fetal muscle showing the clear co-localisation of

the two proteins. Inmunolocalisation of laminin (c)
and NCAM (d) in a single section showing the areas
of membrane apposition (see arrows) that display
no evidence of laminin deposition.

transmembrane o- and y-sarcoglycan [59]. This sequence
of events may be indicative of a role for the sub-sarcolem-
mal proteins i.c. dystrophin and syntrophin, in the assem-
bly of the transmembrane and extracellular components of
the DAGC during fetal muscle development [59].

In contrast to the embryonic chain of events studies of
regenerating rat muscle show dystroglycan and adhalin to
appear prior to dystrophin [60]. These observations sug-
gest the reverse of the above i.e. that components of the
extracellular matrix influence the initial distribution of
dystrophin. However, regeneration takes place in the vicin-
ity of the old (original) basal lamina tube which is a
markedly different environment to that in which myogene-
sis takes place. For example, merosin the variant of laminin
present in adult skeletal muscle fibres is composed of
02-B1-gl chains. Whilst the B1 and 1 chains are evident
on the surface of myotubes by 7 weeks gestation only traces
of the o2 chain are observed at this time and all subunits
are not maximally expressed until 21 weeks of gestation

[50]. Overall these observations suggest that the formation
of the DAGC could be dependent on some form of recip-
rocal interaction between the newly formed basement
membrane and the cytoskeleton of the myotube.

The DAGC and postsynaptic differentiation

During muscle development the earliest sign of postsy-
naptic specialisation is the aggregation of acetylcholine
receptors (AChRs) on the myotube surface at the site of
contact with axons of the motor neurons. This is brought
about by the secretion of specific isoforms of agrin, a large
protein of the extracellular matrix, that becomes incorpo-
rated into the synaptic basal membrane. Postsynaptic
AChR aggregates are markedly reduced in number, size
and density in muscle of agrin-deficient mutant mice sup-
porting the hypothesis that agrin is a critical organiser of
postsynaptic differentiation [20]. The mechanism by
which agrin interacts with postsynaptic molecules to or-
ganise the changes in the newly formed sub-sarcolemmal
cytoskeleton are not completely understood. There was
consequently considerable interest when it was discovered
that a-dystroglycan was a major agrin binding protein [6,
11, 22, 52], and that rapsyn could stabilise AChR clusters
by linking them with the DAGC [3].

For a number of reasons including the wide distribution
of o-dystroglycan in muscle and non muscle tissues, it
would have been surprising if the binding of agrin to
o-dystroglycan had been found to be the sole mediator of
postsynaptic differentiation [5]. Indeed since these initial
observations, studies have now shown that the region of
the agrin molecule that binds to a-dystroglycan is not
essential for AChR aggregating activity [27], and that
isoforms of agrin made by muscle cells bind well to o-
dystroglycan but fail to initial AChR clustering [51]. Over-
all these data imply that o-dystroglycan lacks the binding
specificity required for a functional agrin receptor [27].
Instead recent work seems to suggest that agrin acts via a
receptor complex that includes MuSK, a muscle-specific
protein kinase, and a myotube-specific accessory compo-
nent [23].

MuSK, although an essential component of the envis-
aged receptor complex, is unable to mediate the observed
responses to agrin alone [23]. Given that o-dystroglycan
appears to be the most abundant agrin receptor on the
myotube surface, it would seem a likely candidate for the
‘accessory component’. However, as mentioned above
a-dystroglycan is not muscle specific. Furthermore, the
dystroglycan complex does not cluster at the endplate in
rapsyn-deficient mice [21] whereas several aspects of
agrin/MuSK mediated signalling are intact in these mice.
Nonetheless AChRs fail to cluster in rapsyn-deficient
mice, raising the possibility that the dystroglycan complex
may act to link MuSK activation with AChR clustering
perhaps via its binding to agrin. Dystroglycan may also
play a part in concentrating agrin on the muscle surface and
helping present it to the MuSK receptor complex [23].
Further work in this area should prove to be particularly
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profitable, since the association of a receptor tyrosine
kinase with the dystroglycan complex suggests that signal-
ling defects could in whole or in part underlie the pathology
of muscular dystrophy [23].

Conclusions

Dystrophin and the DAGC link the sub-plasmalemmal
cytoskeleton of the adult muscle fibre with basement mem-

brane. This linkage is apparent from the earliest stages of
secondary myotube formation when the distribution of

dystrophin correlates with the deposition of laminin. In-
itially thought of as contributing to membrane integrity
there is now increasing evidence to suggest that dystrophin
and the DAGC plays an important role in extracellular
matrix-mediated signal transduction and/or cytoskeletal
organisation particularly in specialised areas such as the
neuromuscular junction.
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