@ Pergamon

Neuromusc. Disord., Vol. 4, No. 2, pp. 115-120, 1994
Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0960-8966/94 $6.00+ .00

EXPRESSION OF DYSTROPHIN-ASSOCIATED PROTEINS IN
DYSTROPHIN-POSITIVE MUSCLE FIBERS (REVERTANTS) IN
DUCHENNE MUSCULAR DYSTROPHY

K. MATSUMURA,* F. M. 8. TomE, H. CoLLIN, T F. LETURCQ, M. JEANPIERRE,} J.-C. KAPLAN,}
M. FarDEAUT and K. P. CAMPBELL*§

*Howard Hughes Medical Institute and Department of Physiology and Biophysics, University of Iowa College of
Medicine, Iowa City, 1A 52242, U.S.A_; TINSERM U. 153, Paris 75005, France; {INSERM U. 129, Institut Cochin de

Génétique Moleculaire, Paris 75014, France
(Received 19 March 1993; revised 25 June 1993; accepted 29 July 1993)

Abstract—The dystrophin-glycoprotein complex spans the sarcolemma to provide a linkage
between the subsarcolemmal cytoskeleton and the extracellular matrix in skeletal muscle. In
Duchenne muscular dystrophy (DMD), the absence of dystrophin leads to a drastic reduction in
all of the dystrophin-associated proteins in the sarcolemma, thus causing the disruption of the
dystrophin-glycoprotein complex and the loss of the linkage to the extracellular matrix. This is
presumed to lead to sarcolemmal instability which could render muscle fibers susceptible to
necrosis. In DMD, a very small percentage of muscle fibers show dystrophin staining along the
sarcolemma, presumably due to a second in-frame deletion in the dystrophin gene. However, the
functional significance of these rare dystrophin-positive muscle fibers (revertants) in DMD has
been unclear. Here we report the co-expression of the dystrophin-associated proteins with
dystrophin in revertants of DMD skeletal muscle. Our results suggest that the entire dystrophin—
glycoprotein complex is restored in revertants and, thus, the linkage between the sub-
sarcolemmal cytoskeleton and the extracellular matrix is restored in these muscle fibers.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is caused
by the absence of dystrophin due to defects in the
DMD locus on the X chromosome [1, 2].
Dystrophin is a cytoskeletal protein tightly
associated with a large oligomeric complex of
sarcolemmal glycoproteins, including a-dystro-
glycan which binds the extracellular matrix
component, laminin [3-10]. Dystrophin is a
major component of the subsarcolemmal cyto-
skeleton, constituting 2% of total sarcolemmal
proteins and 5% of sarcolemmal cytoskeletal
proteins [6, 8]. Dystrophin also interacts with F-
actin {11, 12]. These findings indicate that the
dystrophin—glycoprotein complex (DGC) is a
major trans-sarcolemmal structure which links
the subsarcolemmal cytoskeleton to the extra-
cellular matrix [10, 13].
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The structural organization of the DGC sug-
gests that the disruption of the complex and/or
the deficiency in the components of this complex
may result in severe sarcolemmal instability and
may, eventually, lead to muscle fiber degenera-
tion {13]. This hypothesis is supported by the
following findings: (1) the absence of dystrophin
causes a great reduction in all of the dystrophin-
associated proteins (DAPs) in large-caliber skel-
etal muscles of mdx mice [14]; (2) in small-caliber
skeletal muscles and cardiac muscle of mdx mice
which are relatively free from degeneration, the
DAPs are well preserved, presumably due to the
association with overexpressed dystrophin-
related protein, an autosomal homologue of
dystrophin [15-17]; (3) the absence of dystrophin
causes a great reduction in all of the DAPs in
DMD skeletal muscle [4, 10, 18]; (4) all of the
DAPs are greatly reduced in the unique DMD
patients who have dystrophin lacking the
cysteine-rich and carboxyl-terminal domains,
despite the proper expression and localization of
truncated dystrophin to the sarcolemmal region



116 K. MATSUMURA e/ al.

Fig. 1. Immunohistochemical analysis of dystrophin and the DAPs in the skeletal muscle from a 9-yr-old DMD patient who
had a deletion of exons 12-43 of the dystrophin gene. Serial transverse cryosections (7 gm) were immunostained with a
monoclonal antibody against the cysteine-rich and carboxyl-terminal domains of dystrophin (DYS), a monoclonal antibody
against the S0DAG and aflinity-purified sheep polyclonal antibodies against the 156DAG, 59DAP, 43DAG and 35DAG.
Small clusters of dystrophin-positive muscle fibers (revertants) were observed among the vast majority of dystrophin-negative
fibers. Affinity-purified rabbit polyclonal antibodies against the first 15 amino acids of the N-terminus and the last 10 amino
acids of the C-terminus ol dystrophin also stained the sarcolemma of revertants (not shown). The level of expression of the
DAPs was generally higher in the revertants than in the surrounding dystrophin-negative fibers. The apparent
intracytoplasmic dystrophin-staining in one revertant is probably due to the staining of the invaginating sarcolemma of a
splitting fiber at this particular section. Bar 100 gm.

[19]; (5) all of the DAPs are greatly reduced in
dystrophin-deficient muscle fibers, while they are
well preserved in dystrophin-positive fibers in a
symptomatic DMD carrier [20]; (6) the specific
deficiency of the 50 kDa dystrophin-associated
glycoprotein (S0DAG) alone causes severe
childhood autosomal recessive muscular dys-
trophy with a DMD-like phenotype [21]; (7) the
DAPs are expressed abnormally, despite the
near-normal presence of dystrophin, in another
type of severe childhood muscular dystrophy,
Fukuyama-type congenital muscular dystrophy
[22].

In DMD patients and mdx mice, a small
percentage of muscle fibers are known to show
dystrophin-staining along the sarcolemma [23~
28]. According to Burrow et al. [26] dystrophin-
positive muscle fibers (revertants) are found in
more than 50% of DMD patients. Recent studies
indicate that revertants are the result of a second
in-frame deletion rather than the result of
somatic mosaicism [27, 28]. On the other hand,
the functional significance of revertants expres-
sing internally-deleted dystrophin remains
unclear. Recently, the important role of the
cysteine-rich and carboxyl-terminal domains of
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Fig. 2. Immunohistochemical analysis of dystrophin and the DAPs in the
skeletal muscle from an 8-yr-old DMD patient who had no detectable
abnormalities of the dystrophin gene. Serial transverse cryosections (7 gm)
were immunostained with an aflinity-purified rabbit polyclonal antibody
against the first 15 amino acids of the N-terminus of dystrophin (N'-DYS), an
affinity-purified rabbit polyclonal antibody against thelast 10 amino acids of the
C-terminus of dystrophin (C'-DYS), an affinity-purified sheep polyclonal
antibody against the |56DAG and a monoclonal antibody against the 50DAG.
Two muscle fibers in this field showed positive staining for antibodies against
both the N- and C-termini of dystrophin. The 156DAG and 50DAG were co-
distributed with dystrophin in these fibers, while they were greatly reduced in
the dystrophin-negative fibers. The S9DAP, 43DAG and 35DAG showed the
same distribution as the 156DAG and S0DAG (not shown). Bar 100 gm.
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dystrophin in the molecular pathogenesis of
DMD [29-35] has been explained by the
localization of the DAPs-binding site in these
domains [19, 36]. These findings indicate the
* importance of knowing if the DAPs-binding site
is retained in internally-deleted dystrophin
expressed in revertants. In the present study, we
investigated the status of the DAPs in revertants
of DMD skeletal muscle.

MATERIALS AND METHODS

Skeletal muscle biopsy specimens

Skeletal muscle biopsy specimens were
obtained from five DMD patients. Diagnosis of
DMD was made based on the combination of
history of illness, physical examination, family
history, electromyography, pathological exam-
ination of the biopsied skeletal muscle,

immunohistochemical and immunoblot analyses
of dystrophin, and analysis of the dystrophin
gene. In all five patients, immunohistochemical
analysis using several antibodies against distinct
domains of dystrophin demonstrated the ab-
sence of dystrophin in the vast majority of muscle
fibers (described below). Immunoblot analysis
performed in two patients did not reveal dystro-
phin (not shown). Analysis of the dystrophin
gene was performed in four out of the five
patients reported here, and demonstrated a
deletion of exons 12-43 in one patient and no
detectable abnormalities in three patients (not
shown).

Immunohistochemistry

Indirect immunofiluorescence microscopy of 7
pum  thick cryosections from skeletal muscle
biopsy specimens was performed as described
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previously [4, 6, 14, 15, 18, 19]. Rabbit antibodies
against the first 15 amino acids of the N-terminus
and the last 10 amino acids of the C-terminus of
dystrophin were affinity-purified as described [4,
7]. Monoclonal antibody VIA4, against the
cysteine-rich and the carboxyl- terminal domains
of dystrophin and 1VD3, against the S0DAG
were characterized previously [4, 6, 7, 19]. Sheep
antibodies against the 156 kDa a-dystroglycan
(156DAG), 59 kDa dystrophin-associated pro-
tein (S9DAP), S0DAG, 43 kDa dystroglycan
(43DAG) and 35 kDa dystrophin-associated
glycoprotein (35SDAG) were affinity-purified as
described [10, 14, 16, 18-22].

RESULTS AND DISCUSSION

Similar results were obtained from all five
DMD patients reported here (representative
figures of the results are shown in Figs 1, 2).
Dystrophin was absent in the vast majority of
muscle fibers in these patients and all of the DAPs
were greatly reduced in the sarcolemma of
dystrophin-negative muscle fibers (Figs 1, 2). On
the other hand, a very small percentage (less than
2%) of the muscle fibers were found to be
dystrophin-positive. These fibers were stained with
an antibody against the N-terminus, antibodies
against the cysteine-rich and carboxyl-terminal
domains, and an antibody against the C-terminus
of dystrophin (Figs 1, 2). Dystrophin-positive
fibers were occasionally found in small clusters, in
accordance with previous reports (Fig. 1) [23-28].
The status of the expression of the DAPs in these
rare dystrophin-positive fibers was investigated by
immunohistochemical analysis of serial transverse
cryosections. The results demonstrated that the
intensity of the DAPs staining was generally higher
in the sarcolemma of these fibers than in the
surrounding dystrophin-negative fibers (Figs 1, 2).
The intensity and distribution of the staining by
different antibodies were not necessarily uniform
and appeared to vary slightly among different fibers
(Figs 1, 2). This could be due to the variable
sensitivities of different antibodies and/or the
variable levels of expression of dystrophin and the
DAPs in the longitudinal orientation of these
fibers. Unfortunately, the rarity of these
dystrophin-positive fibers and the large number of
antibodies used in this study hindered us from
testing the latter hypothesis by immunohisto-
chemical analysis of serial longitudinal
cryosections.

Here we have presented data which suggest

the co-expression of dystrophin and the DAPs in
the sarcolemma of revertants in DMD skeletal
muscle. Consistent with previous reports [25, 28],
the translational reading frame of the dystrophin
gene is considered to be restored in revertants in
our patients, since these fibers were stained with
antibodies against both the N-terminus and the
C-terminus of dystrophin. Furthermore, the
finding that all of the DAPs were restored in
revertants indicates that the DAPs-binding site
was retained in the dystrophin of these fibers. All
together, our results suggest that the entire DGC
is restored in revertants and, thus, the linkage
between the subsarcolemmal cytoskeleton and
the extracellular matrix is likely to be restored in
these muscle fibers.

Recently, the DAPs-binding site was confined
to the cysteine-rich and the first half of the
carboxyl-terminal domains, based on the results
of limited calpain digestion of the DGC [36]. This
is also supported by our recent findings on the
status of the DAPs in the unique DMD patients
who had dystrophin lacking the cysteine-rich and
carboxyl-terminal domains [19]. In these
patients, the DAPs were reduced in the sarco-
lemma as in typical DMD patients, despite the
proper localization of truncated dystrophin to
the sarcolemmal region [19]. This suggested that
the deficiency of the DAPs was the cause of the
severe phenotype in these patients [19].

The precise mechanism and site of the
restoration of the translational reading frame of
the dystrophin gene in revertants remain
unclear [25, 28]. In the vast majority of DMD
patients,  deletions/duplications of  the
dystrophin gene do not involve the exons which
correspond to the cysteine-rich and carboxyl-
terminal domains [29]. Thus, the exon(s) which
corresponds to the DAPs-binding site in these
domains is not deleted in the majority of DMD
patients, including those patients confirmed to
have revertants [26, 28]. Our results indicate
that the restoration of the translational reading
frame of the dystrophin gene in revertants
should have occurred 5" of the exon(s) which
corresponds to the DAPs-binding site. Recently
the skipping of constitutive exons containing
nonsense mutations were identified for the fib-
rillin gene in Marfan syndrome and the gene
encoding ornithine J&-aminotransferase in
gyrate atrophy [37]. These findings suggest that
the restoration of the translational reading
frame by intrinsic genetic mechanisms could be
a phenomenon which occurs in a number of
genes to circumvent the devastating effects of
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nonsense mutations.

It was reported that mutagenetic doses of X-
irradiation lead to an increase in the number of
revertants in mdx mice in which the exon(s) of the
dystrophin gene corresponding to the DAPs-
binding site remains intact [25, 38). Furthermore,
it was suggested that the presence of revertants
could be related to slower progression of DMD
[27]. While it is unknown if the DAPs-binding
site is actually restored in dystrophin of mdx
revertants, these findings, all together, suggest a
possibility that therapeutic approaches to
increase the number of revertants could be
beneficial for DMD.
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