INVITED REVIEW

Dystrophin, the protein product of the Duchenne muscular dystrophy
(DMD) gene, is associated with a large oligomeric complex of sarcolem-
mal glycoproteins, including dystroglycan which provides a linkage to
the extracellular matrix component, laminin. In patients with DMD, the
absence of dystrophin leads to the loss in all of the dystrophin-
associated proteins, causing the disruption of the linkage between the
subsarcolemmal cytoskeleton and the extracellular matrix. This may
render the sarcolemma vulnerable to physical stress. These recent de-
velopments in the research concerning the function of the dystrophin—
glycoprotein complex pave a way for the better understanding of the
pathogenesis of muscular dystrophies. ® 1994 John Wiley & Sons, Inc.
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DYSTROPHIN-GLYCOPROTEIN
COMPLEX: ITS ROLE IN THE
MOLECULAR PATHOGENESIS OF

MUSCULAR DYSTROPHIES

KICHIRO MATSUMURA, MD, and KEVIN P. CAMPBELL, PhD

Duchenne muscular dystrophy (DMD) is one of
the most severe and common neuromuscular dis-
eases. Although extensive research etforts have
been directed toward the elucidation of the mech-
anism causing muscle degeneration in this devas-
tating disease, it was not until 1986 when the caus-
ative gene was finally identified.®? Over the last
several years, biochemical investigation of dystro-
phin, the protein product of the DMD gene,*? has
led to the identification of a large oligomeric com-
plex of novel sarcolemmal glycoproteins associated
with dystrophin, including dystroglycan which
binds the extracellular matrix component, lami-
nin.21-26-28.35.93 1, 1his article, we review these re-
cent developments in the field of skeletal muscle
dystrophin research and discuss the involvement
of the dystrophin-associated proteins in the molec-
ular mechanism leading to muscle cell necrosis in
DMD.
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2 Dystrophin-Glycoprotein Complex

DYSTROPHIN

The entire coding sequence of dystrophin was
published in 1988.*2 Dystrophin was predicted to
be a rod-shaped cytoskeletal protein of 427 kd,
composed of four structural domains: (1) the
amino-terminal domain with high homology to ac-
tin binding regions of such actin binding proteins
as a-actinin, B-spectrin, and Dictyostelium actin-
binding protein 120; (2) a series of 24 repeats of
109-amino acids in the form of a triple helix; (3) a
cysteine-rich domain homologous to the carboxyl-
terminal domain of Dictyostelium a-actinin; and
(4) the carboxyl-terminal domain with no homol-
ogy to the previously described sequences at that
time.*?

Antibodies against fusion proteins or synthet-
ic peptides were soon produced and used for the
initial identification of this predicted pro-
tein.>!733:80.89.95 11 munohistochemical and im-
munoelectron microscopic analyses localized dys-
trophin to the cytoplasmic face of normal skeletal
and cardiac sarcolemma, and immunoblot analysis
detected a protein with a molecular mass
of 400 kd in normal skeletal and cardiac
muscles.?!7-33:80:89.95 pygirophin was absent
in the skeletal and cardiac muscles of DMD pa-
tients,317-33,80,95

Dystrophin was initially reported to constitute
only 0.002% of the total skeletal muscle protein,>?
raising a doubt about the possibility that dystro-
phin could play a major structural role in skeletal
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FIGURE 1A. Components of the dystrophin—glycoprotein
complex separated on 3—12% SDS-PAGE. The 1566DAG is not
stained well with Coomassie blue due to heavy glycosylation.

muscle. However, it is now known that dystrophin
constitutes 2% of total sarcolemmal protein and
5% of sarcolemmal cytoskeletal protein.®®®” The
latter figure is similar to the abundance of spectrin
in brain membranes, indicating that dystrophin is a
major structural component of the subsarcolem-
mal cytoskeleton.

Ultrastructural analysis has demonstrated that
dystrophin is a rod-shaped molecule, as predicted
from the primary sequence.’*"®" Recently, the
amino-terminal domain of dystrophin was ex-
pressed as a fusion protein and shown to associate
with F-actin by cosedimentation analysis.?""%° Two
putative actin-binding sites were identified by pro-
ton NMR spectroscopy of synthetic peptides cor-
responding to defined regions of the amino-
terminal domain of dystrophin.*” Since dystrophin
is localized to the cytoplasmic face of the sarco-
lemma, it is presumed to interact with cytoskeletal
actin such as +y-actin rather than a-actin of thin
filaments in muscle cells. Morphological studies in-
dicate that dystrophin does not distribute uni-
formly along the sarcolemma but is highly en-
riched in costameres where the Z bands are

presumed to be attached to the overlying sarco-
lemma, 51:60.74.82

DYSTROPHIN-GLYCOPROTEIN COMPLEX (DGC)

The mode of interaction of dystrophin with the
sarcolemma was unclear until 1989 when biochem-
ical experiments demonstrated that dystrophin is
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tightly associated with membrane glycoproteins.?!

Further investigation revealed that dystrophin is
associated with a large oligomeric complex of novel
sarcolemmal proteins comprised of a 156-kd gly-
coprotein (156DAG), a 59-kd protein (59DAP), a
50-kd glycoprotein which was originally called
SL50 (50DAG), a 43-kd glycoprotein (43DAG), a
35-kd glycoprotein (35DAG), and a 25-kd protein
(25DAP) (Fig. 1a).26-28:36.93.9¢ Tighy association of
these proteins in the complex was demonstrated

by: (1) copurification®®=2%%%; (2) cosedimentation

on sucrose density gradientgﬁ_zs; (3) coimmuno-
precipitation®®2%; (4) stoichiometric ratio®¢-2%9%;
(5) colocalization to the sarcolemma (Fig. 1b)?%-2%;
and (6) crosslinking.”® Dystrophin and the dystro-
phin-associated proteins (DAPs) also colocalize to
the sarcolemma of intrafusal muscle fibers, and to
the neuromuscular and myotendon junctions, two
specialized regions of the sarcolemma where dense
dystrophin-staining is observed (Matsumura and
Campbell, unpublished results).>*!

Extensive biochemical analysis of the dystro-
phin—glycoprotein complex (DGC) indicates the
following: (1) the 156DAG is an extracellular pro-
tein extractable from the membranes by pH 12
treatment; (2) the 50DAG, 43DAG, 35DAG, and
25DAP are transmembrane proteins; and (3) the
59DAP is a cytoplasmic and probably cytoskeletal
protein, extractable from the membranes by pH 11

FIGURE 1B. Immunohistochemical analysis of the compo-
nents of the dystrophin-glycoprotein complex in normal
skeletal muscle. Immunostaining for dystrophin (a), 156DAG
(b), 59DAP (c), 50DAG (d), 43DAG (), and 35DAG (f) is shown
{modified from ref. 55).
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FIGURE 1C. Schematic model of the dystrophin-glycoprotein complex as a transsarcolemmal linker between the subsarcolem-

mal cytoskeleton and the extracellular matrix.

treatment, like dystrophin.*® Cosedimentation
analysis demonstrates the interaction of the DGC
with F-actin (Ervasti and Campbell, in press).
Which domain of dystrophin interacts with the
glycoprotein complex? The G-terminal domains
(cysteine-rich and carboxyl-terminal domains)
were originally suggested to interact with the DAPs
because of the following observations®®: (1) the
lack of significant homology between the carboxyl-
terminal domain and proteins of known function
except dystrophin-related protein (now called
utrophin), an autosomal homologue of dystro-
phin42‘49’87; (2) the conservation of the C-terminal
domains of dystrophin among different species®;
(3) the clinical observation that the phenotype of
the patients with deletions in the C-terminal do-
mains is severe®*2%3; and (4) the results of immu-
nogold labeling studies.?*>** More recently, the re-
sults of limited calpain digestion of the DGC

4 Dystrophin-Glycoprotein Complex

demonstrated that the DAPs-binding site was con-
fined to the cysteine-rich and the first half of the
carboxyl-terminal domains.*® On the other hand,
dystrophin lacking the C-terminal domains was re-
ported to be localized properly to the sarcolemmal
region in unique patients with DMD,'*30:34.76 Thjg
led to a speculation that the C-terminal domains
are not essential for the interaction of dystrophin
with the sarcolemma.'**%**7% However, the possi-
bility that truncated dystrophin with an intact
amino-terminal domain may properly localize to
the sarcolemmal region by associating with other
subsarcolemmal cytoskeletal components such as
vy-actin, even when it is not associated with the
DAPs, was not addressed. This question will be dis-
cussed further in the section “DMD Patients Lack-
ing the C-Terminal Domains of Dystrophin.”
Recently, dystrophin was reported to be associ-
ated with a postsynaptic protein with molecular
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mass of 58 kd in Torpedo electric tissue, which is
derived embryologically from immature striated
muscle and retains many similarities to mammalian
skeletal muscle.'® Another postsynaptic protein
with molecular mass of 87 kd, which shares homol-
ogy with the C-terminal domains of dystrophin,
was also shown to be associated with this 58-kd
protein.'?®® Immunohistochemical analysis indi-
cates the presence of a mammalian skeletal muscle
protein which shares immunological homology
with the 58-kd Torpedo protein.'?

PRIMARY STRUCTURE OF
DYSTROGLYCAN (43DAG/156DAG)

In order to understand the function of the DAPs,
the primary structure of each component had to be
clarified. A single cDNA encoding two of the
DAPs, the 43DAG and 156DAG, was isolated and
characterized.?® Posttranslational processing of a
97-kd precursor protein translated from a 5.8-kb
mRNA results in these two proteins.*® Consistent
with the aforementioned biochemical data, the car-
boxyl-terminal portion of the precursor protein
processed into the 43DAG has three potential
N-glycosylation sites, a single potential transmem-
brane domain and a 120-amino-acid—long cyto-
plasmic tail.*® The amino-terminal portion of the
precursor protein corresponding to the 56-kd core
protein of the 156DAG has no transmembrane
domain but one potential N-glycosylation site
and many potential O-glycosylation sites.>® Car-
bohydrate moieties constitute almost two-thirds
of the molecular mass, suggesting that the
156DAG may be a proteoglycan.’>® Heavy glycosy-
lation is presumed to explain the high resistance
of the 156DAG to proteolysis.?® Based on the gly-
cosylated nature and the association with dystro-
phin, the 43DAG/156DAG was named dystrogly-

can.35

LAMININ-BINDING PROPERTIES OF
DYSTROGLYCAN: DGC IS A TRANSSARCOLEMMAL
LINKER BETWEEN THE SUBSARCOLEMMAL
CYTOSKELETON AND THE

EXTRACELLULAR MATRIX

The 156-kd dystroglycan has been shown to bind
the extracellular matrix component, laminin.?®
This binding is inhibited by high salt, divalent-
cation chelating agent (EDTA) or heparin (Ervasti
and Campbell, in press). The 156-kd dystrogly-
can is a highly specific laminin receptor: it does
not bind other well-characterized extracellular
matrix components such as fibronectin, collagen
I, collagen IV, entactin, or heparan sulphate
proteoglycan (Ervasti and Campbell, in press).
Dystrophin, all of the DAPs, and laminin colocalize
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to the sarcolemma in skeletal muscle, and to the
sarcolemma and transverse tubules in cardiac mus-
cle.*!

These findings indicate that the DGC is a trans-
sarcolemmal linker between the subsarcolemmal
cytoskeleton and the extracellular matrix (Fig. 1c).
The DGC is expected to provide a structural sup-
port to the sarcolemma and, indeed, could be a
unique plasma membrane-supporting mechanism
which has developed in striated muscle, a tissue
which undergoes both extreme contraction and
stretch.®! In addition to this structural role, the
DGC may have far more diverse biological func-
tions such as signal transduction and regulation of
the intracellular calcium concentration.

Does the DGC or a homologous complex exist
in nonmuscle tissues and, if so, what is its function?
Northern blot analysis has demonstrated that dys-
troglycan mRNA is expressed not only in skeletal,
cardiac, and smooth muscles but also in nonmuscle
tissues such as brain, lung, liver, and kidney which
do not express dystrophin to any significant ex-
tent.>® A cell surface laminin-binding protein with
molecular mass of 120 kd was purified from brain
and shown to have the primary sequence identical
with the 156-kd dystroglycan.*® The difference in
size of the 156-kd dystroglycan from skeletal mus-
cle and brain suggests a different level of glycosy-
lation of the protein between these two tissues,
which could reflect different functions of the same
gene product in different tissues. Difference in size
of the 156-kd dystroglycan is also found among
skeletal muscle, diaphragm, cardiac muscle,
smooth muscle, lung, and kidney (Ibraghimov-
Beskrovnaya and Campbell, personal communica-
tion).

At present, the cellular distribution of dystro-
glycan in nonmuscle tissues is not known. It is also
unclear if dystroglycan is associated with dystro-
phin or dystrophin isoforms/homologues in these
tissues. Recently, a novel DMD gene product with
molecular mass of 71 kd was identified in nonmus-
cle tissues, including brain, lung, liver, and kid-
ney.®>'*** Another DMD gene product with mo-
lecular mass of 116 kd was identified in the
peripheral nerve.? Since these two proteins share
homologous C-terminal domains with full-size dys-
trophin, they could associate with the DAPs in non-
muscle tissues.

The primary structure, function, and tissue dis-
tribution of the DAPs other than dystroglycan are
unknown. However, partial amino acid sequence
analysis indicates that each of the DAPs is a novel
protein. Characterization of all of the DAPs at both
molecular biological and biochemical levels is es-
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sential for the better understanding of not only the
structural organization and function of the DGC in
skeletal muscle but also the identification of the
homologous complexes in nonmuscle tissues.

THE ROLE OF THE DGC IN THE MOLECULAR
PATHOGENESIS OF THE mdx MOUSE
The elucidation of the precise mechanism by
which the absence of dystrophin leads to muscle
cell necrosis is a prerequisite for the development
of effective therapies for DMD, the ultimate goal
of DMD research. In this respect, the dystrophin-
deficient mdx mouse is a good animal model for
biochemical investigations.

Immunohistochemistry revealed that all of the
DAPs were drastically reduced in the sarcolemma
of mdx mice.®® Immunoblot analysis showed ap-
proximately 80—90% reduction in all of the DAPs
in mdx skeletal muscle membranes compared with
normal membranes.®® These results were indepen-
dent of the age of the animals and the severity of
degeneration of individual muscle fibers, indicat-
ing that the loss of the DAPs is a direct conse-
quence of the absence of dystrophin and not due
to the nonspecific secondary effects of muscle fiber
degeneration.®® This hypothesis is also supported
by the finding that all of the DAPs are well pre-
served in dy/dy mice which have normal expression
of dystrophin but have severe dystrophy.®®

Is the synthesis of the DAPs reduced or is the
degradation increased in mdx mice? Northern blot
analysis revealed the normal production of the
dystroglycan mRNA in mdx skeletal muscle.?®
This suggests that the DAPs are synthesized but
may not be properly assembled and/or integrated
into the sarcolemma or may be degraded in the
absence of dystrophin.®®

What is the status of the residual 10-20% of the
DAPs in mdx skeletal muscle? The results of su-
crose density gradient centrifugation and immu-
noprecipitation experiments suggest the presence
of four subfractions of the DAPs in mdx skeletal
muscle: (1) a complex of the 156DAG and 43DAG;
(2) a complex of the 50DAG and 35DAG; (3) un-
associated 59DAP; and (4) the DAPs associated
with utrophin (discussed later.)** Since the DAPs
associated with utrophin constitute less than 20—
30% of the residual DAPs, most of the residual
DAPs do not serve a function in the linkage of the
subsarcolemmal cytoskeleton to the extracellular
matrix.>* This suggests that the actual disruption
of this linkage in mdx skeletal muscle is far more
severe than what one expects from the level of the
DAPs in the sarcolemma as revealed by immuno-
histochemistry.

6 Dystrophin-Glycoprotein Complex

MOLECULAR PATHOGENESIS OF DMD AND
RELATED DISEASES

DMD. The structural organization of the DGC
(Fig. 1c) suggested that the absence of dystrophin
may disrupt the linkage of the DAPs to the subsar-
colemmal actin—cytoskeleton in DMD skeletal mus-
cle. This could lead to the dysfunction of the DGC
and/or the loss of the DAPs in the sarcolemma, in
analogy to other diseases involving cytoskeletal
proteins, such as hereditary elliptocytosis,? in
which the deficiency in one component of the
membrane cytoskeleton leads to the loss of the
other components.

Immunohistochemical analysis revealed a dras-
tic reduction in all of the DAPs in DMD patients of
various ages (Fig. 2).”° The loss of the DAPs is
considered a direct consequence of the absence of
dystrophin and not due to the nonspecific second-
ary effects of muscle degeneration, based on the
following observations: (1) all of the DAPs are pre-
served in a variety of other neuromuscular diseases
where muscle fiber necrosis and degeneration oc-
cur; (2) the loss of the DAPs is common in all DMD
patients, irrespective of age; (3) the loss of the
DAPs is found in all muscle fibers, independent of
the severity of degeneration; (4) the abundance of
many other glycoproteins is not affected in DMD
muscle; and (5) other proteins including the mem-
brane cytoskeletal protein spectrin remain well
preserved in DMD.”°

Based on these results and the structural orga-
nization of the DGC, we proposed that the disrup-
tion of the DGC could play a key role in the cas-
cade of events leading to muscle cell necrosis in
DMD.” The absence of dystrophin causes the dis-
ruption of the linkage of the DAPs to the subsar-
colemmal actin—cytoskeleton, which leads to a
drastic reduction in all of the DAPs. The resulting
disruption of the linkage between the subsarcolem-
mal cytoskeleton and the extracellular matrix may
lead to sarcolemmal instability and eventually to
muscle cell necrosis.”® This may be the case, espe-
cially during muscle contraction which may cause
physical breaks or tears of the sarcolemma. This
hypothesis is quite consistent with the reported
morphological abnormalities in the sarcolemma of
DMD patients.'®-2277:79

DMD Patients Lacking the C-Terminal Domains of
Dystrophin. Dystrophin lacking the C-terminal
domains was reported to be localized properly to
the sarcolemma in unique patients afflicted with
DMD.!*2%#476 Despite the proper intracellular lo-
calization of truncated dystrophin, the phenotype
of these patients was quite severe. This indicated
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FIGURE 2. Immunohistochemical analysis of the components of the dystrophin—glycoprotein complex in skeletal muscle from
a DMD patient. Immunostaining for dystrophin (a), 156DAG (b), 59DAP (c), 50DAG (d), 43DAG (e), and 35DAG (f) is shown
(modified from ref. 55). Dystrophin is absent and all of the dystrophin-associated proteins are greatly reduced in the sarcolemma.

that the C-terminal domains were likely to be very
important in the function of dystrophin.!'*??-3*7¢

Recently, the status of the DAPs was studied in
similar patients. Immunohistochemistry revealed
that all of the DAPs were drastically reduced in the
sarcolemma even though dystrophin lacking the
C-terminal domains was properly localized to the
sarcolemmal region.”® The results suggest that the
DAPs-binding site is missing in these patients, and
thus, are consistent with the observation that the
C-terminal domains are essential for interaction
with the DAPs.®® The loss of the DAPs in the sar-
colemma causing the disruption of the linkage be-
tween the subsarcolemmal cytoskeleton and extra-
cellular matrix is presumed to be the cause of
the severe phenotype of these patients.”®

Symptomatic DMD Carriers. Dystrophin deficiency

is found in some muscle fibers and is speculated to
cause muscle fiber degeneration in symptomatic

Dystrophin-Glycoprotein Complex

DMD carriers.**® To test this hypothesis, it was
important to know the status of the DAPs in these
individuals. Immunohistochemistry showed that
all of the DAPs were lost in the sarcolemma of
dystrophin-deficient muscle fibers, while they were
well preserved in dystrophin-positive fibers, in
symptomatic DMD carriers (Fig. 3) (Sewry et al.,
manuscript in preparation).’” This indicates that
the linkage between the subsarcolemmal cytoskel-
eton and the extracellular matrix is disrupted in
dystrophin-deficient fibers.?” Thus, the same sar-
colemmal instability as in the case of DMD may be
responsible for the muscle fiber degeneration in
symptomatic DMD carriers.

Becker Muscular Dystrophy (BMD). Immunohisto-
chemistry has shown reduced and/or patchy
dystrophin staining along the sarcolemma, and
immunoblot analysis has detected dystrophin of
abnormal size and/or reduced quantity.>®** How-
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FIGURE 3. Immunohistochemical analysis of the compo-
nents of the dystrophin—glycoprotein complex in skeletal
muscle from a symptomatic DMD carrier. Immunostaining for
dystrophin (a) and 50DAG (b) is shown. Dystrophin-
associated proteins (exemplified by 50DAG) are greatly re-
duced in the dystrophin-deficient muscle fibers, while they
are well preserved in the dystrophin-positive fibers.

ever, the mechanism by which these reported ab-
normalities of dystrophin lead to muscle fiber de-
generation of BMD is unclear. Analysis of the
status of the DAPs in BMD patients having various
mutations in the dystrophin gene would be impor-
tant to answer these questions. This study could
give us information about the domains of dystro-
phin essential for the interaction with the DAPs,
and would also have significant implications on the
design of dystrophin minigenes” in the potential
gene therapies for DMD.

Immunohistochemistry showed a correlation
between the reduction in dystrophin and DAPs
staining in BMD patients having in-frame dele-
tions in the rod domain of dystrophin (Matsumura
et al., in press). The reduction in the DAPs was

8 Dystrophin-Glycoprotein Complex

milder than in typical DMD patients or the DMD
patients lacking the C-terminal domains of dystro-
phin, indicating that the rod domain is not crucial
for the interaction with the DAPs. This suggests
that in-frame mutations of the dystrophin gene
having no effects on the interaction with the DAPs
will not result in a significant loss of the DAPs and/
or the disruption of the linkage to the extracellular
matrix. However, dystrophin with defects in the
rod domain may not have a normal function or
may be unstable, and this may lead to a mild re-
duction in the density of the DGC. This could ex-
plain the mild phenotype of these BMD patients.
In patients with mutations in the amino-terminal
domain of dystrophin, on the other hand, the an-
chorage of the DGC to the subsarcolemmal actin—
cytoskeleton may be disrupted due to the loss or
defects of the actin-binding activity of dystrophin.
Analysis of the DAPs in these patients would be
mteresting.

Autosomal Muscular Dystrophies with DMD-Like Phe-
notype. Recent discoveries about the structural
organization of the DGC raised a possibility that a
primary defect of a DAP could be the cause of
autosomal muscular dystrophy. So far, two autoso-
mal diseases have been reported to show abnor-
malities of the DAPs.

Severe Childhood Autosomal-Recessive Muscular
Dystrophy (SCARMD). Specific deficiency of the
50DAG was demonstrated in the patients afflicted
with a severe childhood autosomal recessive form
of muscular dystrophy which is prevalent in North
Africa (Fig. 4).>® Patients with SCARMD present
with DMD-like symptoms despite the normal ex-
pression of dystrophin.'"'??® Since the 50DAG
deficiency is common to both DMD and SCARMD,
it is presumed to be playing an important role in
the molecular pathogenesis leading to muscle cell
necrosis in these two diseases.>® In contrast to
DMD, where the absence of dystrophin causes a
secondary reduction in all of the DAPs and the
disruption of the DGC, the deficiency of the
50DAG may cause a dysfunction of the DGC in
SCARMD."® Although the deficiency of the
50DAG characterizes the early stages of this dis-
ease, other components of the DGC could also be
affected in the advanced stages.®®

The initial identification of the 50DAG defi-
ciency was made in 1 Lebanese and 3 Algerian pa-
tients.”> Why is SCARMD prevalent in North Af-
rica? Although the high rate of consanguinity in
this region could be the cause, this disease may be
specific to Arab populations. Recently, two studies
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FIGURE 4. Immunohistochemical analysis of the components of the dystrophin—glycoprotein complex in skeletal muscle from
a SCARMD patient. Immunostaining for dystrophin (a), 156DAG (b), 59DAP (c), 50DAG (d), 43DAG (e), and 35DAG (f) is shown.
Although dystrophin, 156DAG, 59DAP, and 43DAG are well preserved, 50DAG is drastically reduced and 35DAG is slightly

reduced in the sarcolemma.

were carried out to know if this disease exists in the
non-Arab populations. In a study of European pa-
tients afflicted with severe childhood muscular
dystrophy, 1 Italian, 1 Greek, and 3 French pa-
tients were found to be deficient in the 50DAG
despite the near-normal presence of dystrophin
and the other DAPs (Fardeau et al., submitted). In
a Brazilian study, 4 negroid patients with the
50DAG deficiency were identified (Zatz et al., sub-
mitted). Thus, SCARMD exists in various popula-
tions. All of these non-Arab patients had been di-
agnosed as DMD/BMD on clinical grounds until
the immunochemical test revealed the deficiency
of the 50DAG instead of dystrophin. Interestingly,
consanguinity was negative in all of the European
patients. This suggests that the high rate of con-
sanguinity may be the cause of high prevalence of
SCARMD in North Africa, even though this dis-
ease may not be specific to Arab populations.
Whether the 50DAG deficiency exists in the North

Dystrophin-Glycoprotein Complex

American or Asian populations remains to be in-
vestigated.

With increasing numbers of patients identified,
a clearer picture is emerging for the phenotype of
50DAG deficiency. It resembles the phenotype of
severe BMD or so-called outliers in many respects.
It can be summarized as the following: (1) both
sexes are affected equally; (2) weakness of the
lower extremities begins between 5 and 10 years of
age; (3) calf hypertrophy is common in the early
stages; (4) some patients become wheelchair bound
as early as 10 years of age; (3) the serum CK value
is elevated to 50 times the normal upper limit in
the early stages; (6) electromyography and muscle
histology reveal myopathic changes which resem-
ble but are milder than those of DMD; (7) early
death due to cardiomyopathy can occur; (8) sever-
ity of the symptoms vary greatly among both un-
related and related patients; and (9) mental retar-
dation is absent.
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The primary defect causing the deficiency of
the 50DAG in SCARMD is unknown. It could be
due to a primary defect in the structure or expres-
sion of the gene for this protein or a secondary
effect of an unknown primary defect. Molecular
biological and linkage analysis will be needed for
the elucidation of the primary cause of SCARMD.
Recently, the defective gene responsible for Tuni-
sian autosomal recessive Duchenne-like muscular
dystrophy (DLMD) was mapped to the pericentro-
meric region of chromosome 13q by linkage anal-
ysis.'? It is crucial to clarify the relationship be-
tween the DLMD gene and the 50DAG.

Fukuyama-Type Congenital Muscular Dystrophy
(FCMD). FCMD is a severe autosomal recessive
muscular dystrophy prevalent in Japan.?*®® The
phenotype of FCMD consists of muscular dystro-
phy and brain anomaly.?*%® In most cases, dystro-
phin is expressed at near-normal level in this dis-

ease.>”*? Recently, the abnormal expression of the
DAPs was reported in FCMD skeletal muscle.®®
The DAPs staining was reduced in the sarcolemma
in a number of muscle fibers despite the near-
normal expression of dystrophin (Fig. 5).° Muscle
fibers with abnormally intense staining of the sar-
colemma or with diffuse cytoplasmic staining were
also observed.”?

Genetic observations have suggested a possible
interaction between dystrophin and the putative
FCMD gene product.'” Based on the phenotype,
the FCMD gene product is expected to be ex-
pressed in both muscle and brain. Interestingly,
the abnormality of the expression of the 43-kd dys-
troglycan was prominent in FCMD muscle (Fig.
5).°% Since dystroglycan is expressed in both mus-
cle and brain,” these findings suggest the dystro-
glycan gene as a candidate gene for FCMD muta-
tions.

FIGURE 5. Immunohistochemical analysis of the components of the dystrophin—glycoprotein complex in skeletal muscle from
a FCMD patient. Immunostaining for dystrophin (a), 156DAG (b), 59DAP (c), 50DAG (d), 43DAG (e), and 35DAG (f) is shown
(modified from ref. 55). Although dystrophin is well preserved, the dystrophin-associated proteins are generally reduced in the
sarcolemma. Muscle fibers with abnormally intense staining of the sarcolemma or diffuse cytoplasmic staining for the dystro-

phin-associated proteins are also observed.

10 Dystrophin-Glycoprotein Complex
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DIAGNOSIS OF MUSCULAR DYSTROPHIES

The findings described above indicate that the sta-
tus of the DAPs in the sarcolemma shows a good
correlation with the severity of the clinical symp-
toms in certain muscular dystrophies, including
DMD, BMD, DMD carriers, SCARMD, and possi-
bly FCMD (Table 1). Thus, the immunochemical
analysis of the DAPs, in addition to dystrophin,
may be effective for the accurate diagnoses of
these diseases. This is especially the case for the
diagnosis of male sporadic patients who are af-
flicted with severe muscular dystrophy and have
reduced amount of normal-sized dystrophin in the
immunoblot analysis. According to the standard
diagnostic criteria, they would be diagnosed as se-
vere BMD/outlier.?® However, a fraction of these
patients could be afflicted with SCARMD instead,
since the phenotype of SCARMD is very close to
that of severe BMD/outlier and dystrophin could
be reduced in the advanced stages of SCARMD.??
This indicates that the immunochemical analysis of
the 50DAG is necessary for the differential diag-
nosis of these patients.

So far immunohistochemical abnormalities of
the DAPs have not been found in the following
diseases: limb-girdle muscular dystrophy, myo-
tonic dystrophy, facioscapulohumeral muscular
dystrophy, oculopharyngeal muscular dystrophy,
non-Fukuyama-type congenital muscular dystro-
phy, and spinal muscular atrophy (Matsumura et
al., submitted). This does not necessarily exclude a
possibility of dysfunction(s) in the components of
the DAPs undetected by the current immunohis-
tochemical methods.

Table 1. Correlation between the phenotype and the status of
the expression of dystrophin and the dystrophin-associated

proteins (DAPs).
Phenotype Dystrophin DAPs
Normal + +
DMD - Severe reduction
DMD + (Lacking Severe reduction
C-terminal
domains)
Symptomatic
DMD carrier Mosaic Mosaic
BMD Reduced and/or Reduced and/or
patchy (intact patchy
C-terminal
domains)
SCARMD + 50DAG
deficiency
FCMD + Abnormal
expression

Dystrophin-Glycoprotein Complex

UTROPHIN-GLYCOPROTEIN COMPLEX

Utrophin is an autosomal homologue of dystro-
phin.**®7 While utrophin is ubiquitously ex-
pressed, it is localized exclusively to the neuromus-
cular junction in adult skeletal muscle.?®~
40,50,54,68,84 Utrophin is associated with the DAPs
or their homologues in skeletal muscle,** suggest-
ing that the utrophin—glycoprotein complex could
be playing an important role in the formation and
maintenance of the neuromuscular junction.

In contrast to normal muscle, utrophin appears
to spread out of the neuromuscular junction and
be expressed throughout the sarcolemma in mus-
cle from DMD patients and mdx mice ??%*8%85% Ip
mdx mice, this phenomenon seems most promi-
nent in the small-caliber skeletal and cardiac mus-
cles which are relatively free from degeneration.>*
Furthermore, in these muscles of mdx mice, the
dystrophin/utrophin-associated proteins are well
preserved in the sarcolemma compared to the
large skeletal muscles such as quadriceps muscle.**
In the large skeletal muscles of mdx mice, less than
20-30% of the residual DAPs are associated with
utrophin.’* Since the residual DAPs in these mus-
cles of mdx mice are equivalent to only 10-20% of
the normal level,®® the DAPs potentially serving as
a link between the subsarcolemmal cytoskeleton
and extracellular matrix is presumed to be as low
as 2-6% of the normal level in these muscles of
mdx mice. Thus, the upregulation of utrophin
could have compensatory effects for dystrophin
deficiency, but the level of upregulation in the
large skeletal muscles of mdx mice might not be
high enough to fully compensate for the absence
of dystrophin.

THERAPEUTIC IMPLICATIONS OF THE DAPs

FOR DMD

The finding that all of the DAPs, including the
laminin-binding dystroglycan and the 50DAG,
whose deficiency alone causes severe muscular dys-
trophy, are lost in the DMD sarcolemma raised a
serious question concerning the efficacy of the po-
tential therapies for DMD, such as myoblast trans-
fer therapy®”®*7! or dystrophin gene ther-
apy."#>*7592 The success of such therapies will
depend not only on the replacement of dystrophin
but also on the restoration and stabilization of the
DAPs in the sarcolemma. Since dystrophin can
properly localize to the sarcolemmal region with-
out interaction with the DAPs as described above,
localization of dystrophin to the sarcolemmal re-
gion after these therapies does not necessarily
mean that all of the DAPs are restored in the sar-
colemma.
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FIGURE 6. Immunoblot analysis of dystrophin and the dystrophin-associated proteins in skeletal muscle membranes from
normal mouse (lane 1), mdx mouse transgenic for the full-size dystrophin gene (lane 2), and nontransgenic mdx sibling (lane 3).5°
Dystrophin and the dystrophin-associated proteins are restored to approximately 40-50% of the normal level in this transgenic

mdx mouse.

Recently the status of the DAPs was analyzed in
mdx mice transgenic for the full-size dystrophin
gene.”® All of the DAPs were restored in the sar-
colemma of dystrophin-positive muscle fibers,
while the DAPs remained reduced in dystrophin-
negative fibers, in transgenic mdx mice.”® Both im-
munohistochemical and immunoblot analyses
demonstrated a good correlation between the level
of restoration of the DAPs and the expression of
dystrophin (Fig. 6).° The results suggest that the
gene transfer therapy of dystrophin could be ef-
fective in restoring all components of the DGC
and, presumably, in correcting the molecular de-
fects. Immunochemical analysis of the status of the
DAPs in the sarcolemma will be useful for the eval-
uation of these potential therapies.

Another intriguing therapeutic approach for
DMD is the utilization of a protein which could
substitute for dystrophin in skeletal muscle. One
such candidate is utrophin as described above. If
the expression of utrophin could be upregulated
by a genetic or pharmacological manipulation in
DMD muscle, it could be beneficial for the preven-

12 Dystrophin-Glycoprotein Complex

tion of muscle degeneration. A similar therapeutic
approach was reported for the B-globin diseases.”®
Butyrate, a natural fatty acid which is known to
stimulate the synthesis of the fetal isoform of
globin (y-globin), was intravenously administered
to patients with B-globinopathies.” Both the pro-
portion of reticulocytes producing hemoglobin F
and the level of y-globin mRNA increased in re-
sponse.” These findings suggest that pharmaco-
logical agents which stimulate the expression of
utrophin could have potential therapeutic value
for DMD.
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