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INTRODUCTION

Becker muscular dystrophy (BMD) is an X-linked re-
cessive inherited disease with a worldwide incidence of 1
in 35,000 male births. Becker muscular dystrophy
is characterized by progressive muscle wasting but
is distinguished by delayed onset, later dependence on
wheelchair support, and longer life span from Duchenne
muscular dystrophy (DMD) that follows severe progres-
sive muscle wasting,

Dystrophin, the gene defective in not only BMD but
also DMD, was isolated in 1986. Since then, ge-
netic diagnosis of BMD has been done leading to bet-
ter understanding of the disease process, and the
difference between DMD and BMD can be explained
at the molecular level by the reading frame rule.

CLINICAL DIAGNOSIS

Becker muscular dystrophy patients show normal growth
and development in their early childhood. In BMD,
affected men start to show disturbance of walking due to
muscle weakness at 20s or over, He maintains to walk but
his muscle strength gradually decreases. Dilated cardio-
myopathy is sometimes an initial clinical sign for the
diagnosis of BMD. The muscle weakness involved in
BMD follows a mild downward course with patients
living near normal lives.[!

Serum creatine kinase (CK) is markedly increased.
This marked elevation of serum CK is the most important
hallmark for the diagnosis of BMD, but the level of
elevation of serum CK is not so high compared to DMD.
During the asymptomatic period, elevation of serum CK
is the sole sign for BMD. Some BMD patients are
identified accidentally because of elevations of AST or
ALT which are commonly examined for liver function as
serum CK elevation is accompanied with elevations of
AST and ALT.

Becker muscular dystrophy should be included in the
differential diagnosis of moderately elevated serum CK in
males. Pathological examination of biopsied muscle
consolidates the diagnosis of BMD.
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GENE DIAGNOSIS

Becker muscular dystrophy is caused by mutations of the
dystrophin gene that is also mutated in DMD.” There-
fore, both DMD and BMD are sometimes called as
dystrophinopathy. Furthermore, not only types but also
locations of mutations identified in both BMD and DMD
are quite similar.®! For gene diagnosis of BMD both
multiplex PCR and Southern blot analysis have been
employed as in the genetic diagnosis of DMD. ) Nearly
two-thirds of mutations identified on the dystrophin gene
are deletions or duplications occupying a single or
multiple exons. Every mutation identified in BMD cases
would be examined based on the following reading frame
rule.®) In the rest of the BMD cases it is rather difficult to
identify the responsible mutations on the dystrophin gene
as a single nucleotide change is supposed to be present.
However, some point mutations that induced exon
skipping have been reported. %!

READING-FRAME RULE OF DMD/BMD

Although both DMD and BMD patients have been shown
to have deletion or duplication mutations of the dystrophin
gene, the extent of the deletion does not always correlate
with the severity of the disease: some BMD patients with
mild symptoms have deletions encompassing numerous
exons, whereas some DMD patients with severe symp-
toms lack only a few exons. In some cases, the long
deletions resulting in BMD and the short deletions
resulting in DMD may even overlap. The reading-frame
rule explains the difference between DMD and BMD as
follows: in DMD the translational reading frame of the
dystrophin mRNA is shifted after a deletion or duplica-
tion mutation whereas it is maintained in BMD."
According to the reading-frame rule, BMD patients with
long deletions are able to produce dystrophin mRNA that
would still direct the production of an internally trincat-
ed semifunctional protein. Shorter deletions harbored
by severe DMD patients, on the other hand, would bring
together exons that, when spliced, would change the
translational reading frame in the mRNA, such that a
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Fig.1 Schematic description of the exon structure of the dystrophin gene. The dystrophin gene consisting of 79 exons (boxes) and at
least eight alternative promoters (boxes under the lined boxes) is schematically described. Numbers over the box indicate exon number,
the bold numbers being the exons that are examined by multiplex PCR. Quadrilaterals and parallelogrars indicate in-frame exons (type
0 exons). Trapezoids indicate out-of-frame exons (type 1 or type 2 exons).

premature stop codon is created. This rule predicts that
milder BMD patients would produce a smaller semifunc-
tional protein whereas DMD patients would either
produce a severely truncated dystrophin lacking the entire
C-terminal region or would not produce dystrophin at all.

Subsequent gene analyses have shown that over 90% of
the deletion—duplication mutations that cause BMD main-
tain the dystrophin mRNA reading frame whereas those
causing DMD are frameshifts.! Accordingly, point
mutations identified in DMD are nonsense mutations™?
except in rare DMD cases with missense mutations. 1112

Considering that molecular therapy for DMD to change
the reading frame from out-of-frame to in-frame has been
proposed, > it g important to see the resulting
translational reading frame of dystrophin mRNA after
the identification of a deletion or duplication mutation,
Exons of the dystrophin gene are classified into three
types according to the number of nucleotides encoded
in the exon (Fig. 1): 1) in-frame exon that encodes
nucleotides of multiples of 3 (type 0 exon); 2) two out-of-
frame exons that have nucleotides of multiples of 3+1 or 2
(type 1 exon or type 2 exon, respectively). Among the 79
exons, 40, 18, and 21 exons are classified into types 0, 1,
and 2 exons, respectively. In cases with deletion/
duplication of the dystrophin gene the reading frame can
be determined as described in Fig. 1. Cases having a
deletion of a type 2 exon, e.g., exon 45, should be DMD
based on the reading frame rule. Although gene diagnosis
of DMD/BMD has been conducted, not all DMD/BMD
cases have been examined for its reading frame.

In other types of mutations, nonsense mutations are
expected 1o be identified in DMD. However, nonsense

mutation that should result in DMD phenotype has been
identified in BMD cases,’™5 where exon skipping is
shown as a mechanism that modified clinical phenotype.
Furthermore, BMD has been shown to have a nonsense
mutation in in-frame exons.""® Detailed analysis of
genotype-phenotype correlation would lead a better un-
derstanding of molecular mechanism of dystrophinopathy.

PATHOLOGICAL DIAGNOSIS

The pathological examination of biopsied skeletal muscle
confinns the diagnosis of BMD. Immunohistochemical
analyses of normal muscle demonstrate that dystrophin is
present along with muscle cell membranes. Muscle from
BMD patients contains reduced amounts of dystrophin
that is stained discontinuously and patchy along the
muscle cell membranes.™” Western blot analysis using
dystrophin antibody reveals a band corresponding to
427 KkDa, close to the predicted size of dystrophin, in
extracts of normal nuscle tissue. Shorter or lower amount
of dystrophin is detected in muscle extracts from patients
with BMD.

Dystrophin contains 3685 amino acids organized in
four domains: N-terminal actin binding, triple helical rod,
cystein-rich, and C-terminal domains. The internally
truncated dystrophin identified in BMD maintains both
N-terminal and C-terminal domains, but lacks some of the
24 repeat sequences of triple helical rod domain.
Therefore, dystrophin is stained when antibody recogniz-
ing either N-terminal or C-terminal domains is used, but in
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some cases no dystrophin is stained as in DMD when
antibody recognizing rod domain is employed,**!

TREATMENT

For BMD patients, supportive therapies such as reha-
bilitation or ventilator support are clinically employed,
but no effective way to improve the clinical course
is available. Gene therapy has been considered a
cure for BMD but no clinically applicable way has
been established.

CONCLUSION

Becker muscular dystrophy is a mild muscle wasting
disease and characterized by dystrophin abnormality in
skeletal muscle. Currently, no effective treatment is
available although a molecular understanding of BMD
developed well.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is a common in-
herited disease with a worldwide incidence of 1 in 3500
male births. DMD is a lethal disorder of childhood char-
acterized by progressive muscle wasting. Affected individ-
uals are wheelchair-bound by the age of 12 and succumb
to cardiac or respiratory failure in their mid to late 20s.
Dystrophin, the gene defective in DMD was isolated in
1986. Since then, genetic diagnosis of DMD has been
done leading to better understanding of the disease
process. Based on the molecular pathogenesis of DMD,
molecular therapies for DMD have been proposed.

CLINICAL DIAGNOSIS

Patients with DMD show normal growth and development
in their early childhood, In DMD, affected boys start to
show disturbance of walking and frequently fall because
of muscle weakness at 4 to 5 years of age. Patients are
shown to have a positive Gower’s sign wherein the child
climbs up his thighs to extend the hips and push his trunk
up. He manages to walk but his muscle strength gradually
decreases. He loses the ability to climb up stairs. Lumbar
lordosis becomes more exaggerated and the waddling gait
increases. Patients usually are wheelchair-bound by the
age of 12. Muscle wasting progresses as the patients get
older until finally respiratory or cardiac failure develops
due to muscle wasting.

Serum creatine kinase (CK) is markedly increased 50
times more than the normal range in infantile DMD. This
marked elevation of serum CK is the most important
hallmark for the diagnosis of DMD. During the asymp-
tomatic period, elevation of serum CK is the sole sign for
DMD. Some DMD patients are accidentally identified due
to elevations of AST or ALT, which are commonly
examined for liver function, because serum CK elevation
is accompanied with elevations of AST and ALT.

GENE DIAGNOSIS

Duchenne muscular dystrophy is caused by mutations of
the dystrophin gene.™ The dystrophin gene is 3000 kb in

376

size and consists of 79 exons encoding a 14-kb mRNA. 2
At least eight alternative promoters that are regulated ina
tissue- or development-specific manner have been iden-
tified on the dystrophin gene. The unusually high
incidence of DMD in all human populations could be
simply a reflection of the enormous mutation target size of
the gene, but the recombination rate is reported to be four
times the rate expected for a gene of this size.!! Nearly
two-thirds of mutations identified on the dystrophin gene
are deletions or duplications occupying a single or
multiple exons, with the rest of the DMD cases having
other types of mutations including point mutations.
Remarkably, deletion mutations have been localized to
two deletion hot spots of the dystrophin gene, the 5 and
the central regions.

Muitiplex PCR Analysis

Currently, multiplex PCR analyses that amplify deletion-
prone exons are used as the first step for gene diagnosis.
Two sets of PCR amplification are used to screen 19
deletion-prone exons (exons 1, 3, 4,6, 8,12, 13, 17, 19,
43-45, 47-52, and 60).%9 Using this method of exami-
nation, one finds that nearly half of the DMD cases are
shown to have deletion mutations. Therefore, the rest of
the cases need further examination to identify the respon-
sible mutation in the dystrophin gene.

Southern Blot Analysis

To examine the deletion/duplication in every exon of the
dystrophin gene, Southern blot analysis is used, using
segments of the dystrophin ¢cDNA as probes.t Two-thirds
of DMD patients are shown to have recombination events
of deletions or duplications spread in one or more exons at
the genomic DNA level.!™ However, Southern blot
analysis not only needs high-quality DNA and radioiso-
tope, but it is also time-consuming.

Detection of Fine Mutation

In DMD cases that have no large recombination event,
identification of the causative mutation remains a
laborious goal because of the difficulty in detecting a
single point mutation in the 3000-kb-sized gene. To
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facilitate the identification of mutations in the dystrophin
gene, more than 99% of which is made up of introns,
dystrophin mRNA that is 100 times smaller than the
dystrophin gene has been analyzed.” Analysis of
dystrophin mRNA expressed in lymphocytes leads to
not only identification of rare genomic mutations, but also
to disclosures of nonauthentic alternative splicing. 1012
In addition, several ways to identify small mutations have
been proposed."*~17 In the advent of recent advances in
mutation analysis techniques, more than 90% of DMD
cases are shown to have mutations in the dystrophin
gene, 11819

PATHOLOGICAL DIAGNOSIS

The pathological examination of biopsied skeletal muscle
confirms the diagnosis of DMD. Immunohistochemical
analyses of normal muscle demonstrate that dystrophin is
present along with muscle cell membranes, In DMD,
dysirophin is missing from skeletal muscle.?”! Western
blot analyses using dystrophin antibody reveals a band
corresponding to 427 kDa, close to the predicted size of
dystrophin, in extracts of normal muscle tissue, whereas
no protein can be detected in DMD.

TREATMENT

For DMD patients, supportive therapies such as rehabil-
itation or ventilator support are clinically erployed but no
effective way to improve the clinical course is available.
Since the discovery of the dystrophin gene, gene therapy
is now considered an attractive way to cure the disease.
"The main aim of DMD gene therapy is to establish a way
to inject constructed dystrophin genes consisting of
pattial- or full-length ¢cDNA joined to an appropriate
promoter. Although much progress has been made in this
field of study, we still seem to be a long way from
achieving a clinically significant result. As an alternative
for gene transfection, molecular therapies have been stud-
ied including antisense oligonucleotide treatment?!-231 op
translational readthrough treatment using gentamicin.

Antisense Oligonucleotide Treatment

Analternative strategy for DMD treatment is to retard the
progression of the clinical symptoms, ie., to convert
DMD into the BMD phenotype. Theoretically, this
therapy can be done by changing a frame-shift mutation
causing DMD into an in-frame mutation characteristic of
BMD by modifying the dystrophin mRNA. Artificial
induction of exon skipping with antisense oligonucleo-

n

tides is'a way to make the out-of-frame dystrophin mRNA
in-frame. Artificial induction of exon 19 skipping using an
antisense oligonucleotides against the splicing enhancer
sequence has been reported,”" and this treatment was
shown to produce dystrophin expression in exon-20-
deleted DMD myocytes.*! Disraption of the splicing
enhancer sequence to induce exon skipping was further
evidenced by the fact that in the nonsense mutation of
exon 27 the dystrophin gene resulted in exon 27 skipping,
producing an in-frame dystrophin mRNA.?* In addition,
another natural example causing conversion of DMD fo
BMD was identified in a nonsense mutation in exons 25
and 29.2527) Rurthermore, BMD has been shown to havea
nonsense mutation in in-frame exons, 282

Antisense oligonucleotides against a purine-rich se-
quence have been used to induce skipping of exons 44, 45,
46, 49, 50, 51, or 53.223%31 1 these studies, induction of
exon skipping led to the expression of dystrophin in their
tespective dystrophin-deficient myocytes by correcting
the translational reading frame. Recently, double exon
skipping of exon 43 and 44 or exon 45 and 51 has been
induced.® This extends the application of the antisense
oligonucleotide treatment to more varieties of deletion
mutations of the dystrophin gene.

Phosphorothioate DNA has been the standard choice
for the clinical application of antisense technology.[33-37
However, phosphorothioate DNA is associated with a
variety of potentially toxic non-antisense effects.®®! [
order to develop less toxic antisense oligonucleotides,
nucleic acids have been modified in various ways. B9
Recently, morpholino modified oligonucleotides were
shown to be delivered to muscle cells efficiently. !
Furthermore, the chimera of 2-O-methyl RNA and 2'-0,
4'-C-ethylene-bridged nucleic acid (ENA) was shown to
induce exon 19 skipping of the dystrophin gene 40 times
stronger than the conventional phosphorothioate oligonu-
cleotides.%

Translational Readthrough of Stop Codon

Aminoglycoside antibiotics have been suggested as
possible therapeutic interventions for treating patients
who carry a nonsense mutation because of the ability of
these antibiotics to lead translational readthrough of stop
codons. To evaluate whether aminoglycosides can be used
to suppress the nonsense mutation in a human DMD
case, four DMD/BMD cases with various stop codon
sequences were tested once daily with intravenous gen-
tamicin at 7.5 mg/kg/day for 2 weeks, However, the full-
length dystrophin protein was not detected in postireat-
ment muscle biopsies.*®) The possible reason for the
failure of gentamicin treatment in human cases is the
difference in efficiency of aminoglycoside-induced read-
through among the different types of nonsense mutations.
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