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1

Structure and mutation of the dystrophin gene

Andrea Amalfitano, Jill A. Rafael and Jeffrey S. Chamberlain

Introduction

Duchenne muscular dystrophy (DMD) is the most frequent of the lethal,
X-linked recessive disorders, occurring once per 3500 male births (Emery,
1993). The gene mutated in DMD and the milder Becker muscular dystrophy
(BMD) encodes the protein dystrophin. BMD is less common than DMD, and
has an estimated incidence of approximately 1 in 18 500 births (Bushby,
Thambyayah & Gardner-Medwin, 1991). The original clinical descriptions of
DMD are quite lucid and readily convey the poor prognosis of a DMD
diagnosis. This chapter will concentrate on the differences between DMD,
BMD, and intermediate phenotypes, and how they correlate with mutations in
various portions of the dystrophin gene.

Clinical considerations

DMD patients are clinically normal at birth, although serum levels of the
muscle isoform of creatine kinase (M-CK) are quite elevated. Elevated enzyme
levels taper off with increasing age, likely reflecting decreasing overall muscle
mass, due to increasing dystrophic involvement. One of the first clinical signs of
DMD is delayed achievement of motor milestones, including a delayed ability
to walk (56% of DMD patients do not walk until after the age of 18 months),
excessive clumsiness, and difficulty running. These symptoms alone can make it
difficult to arrive at a diagnosis; therefore, a high index of suspicion has to be
maintained in any male infant with delayed achievement of motor milestones in
regard to a possible diagnosis of DMD. Eventually, the onset of symmetric,
bilateral, muscular pseudohypertrophy, proximal limb muscle weakness, and
the Gower’s sign strongly suggest a DMD diagnosis. With time, decreased
muscle strength and joint contractures result in wheelchair dependence.
Finally, involvement of the diaphragm and cardiac muscles results in most of

1



2 A. Amalfitano, J. A. Rafael & J. S. Chamberlain

Table 1.1 Distinguishing DMD from BMD (described by Emery, 1993)

Becker muscular dystrophy Duchenne muscular dystrophy
Onset >5.3 years in 88% <5.3 years in 88%
Wheelchair dependence > 12.4 years in 96% <12.4 years in 96%
Death >21.1 years in 96% <21.1 years in 93.7%
Dystrophin protein Decreased, but present* Absent, or extremely low*

expression

*With exceptions, see text.

the clinical mortality. While most patients succumb due to the repeated
pulmonary infections secondary to respiratory muscle involvement, 10-20% of
the mortality can be attributed to cardiomyopathy and/or cardiac conduction
abnormalities. Furthermore, one-third of DMD patients demonstrate varying
degrees of cognitive impairment. In BMD affected individuals, the clinical
course is similar to that of DMD patients; however, the onset of symptoms and
the rate of progression are delayed. Table 1.1 summarizes several key
diagnostic features used to distinguish between DMD and BMD (Emery,
1993). An intermediate phenotype has also been described for those individuals
who can ambulate after the age of 12, but begin using a wheelchair before the
age of 16.

General genetics

The pattern of male-limited expression due to X-linked inheritance of DMD
was understood even with the earliest descriptions of the disorder, and has a
number of important clinical implications. Haldane’s hypothesis states that
for any X-linked recessive disorder, the mutation rate = 1/3(I)(1 + f), where f
equals the reproductive fitness, and disease incidence is I (Haldane, 1935).
Thus, in a lethal disorder such as DMD, f =0, and the mutation rate
becomes 1/3(I). This rate indicates that one-third of all cases of DMD should
arise from a new, sporadic mutation, a prediction that has been largely
confirmed by direct mutation detection studies in families (Ward et al., 1989;
Miiller et al., 1992). Conversely, the likelihood that an affected individual
inherited the mutation from a carrier female is two-thirds, a fact that has
serious ramifications in regard to genetic counselling and involvement of
other family members. A diagnosis in a single individual should always be
followed by genetic counselling and evaluation for carrier status of at-risk
individuals in the pedigree. New mutations often occur early during female
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embryonic development, resulting in germ-line mosaicism for the mutation.
Estimates for germ-line mosaicism in DMD mothers are 14%—-18% when the
at-risk chromosome is known (Bakker et al., 1989). As a result, even ‘non-
carrier’ females who have given birth to a DMD male should be considered
at risk for having another affected male child.

The dystrophin gene mutation rate of approximately 1 x 10™* genes
per generation is one of the highest mutation rates reported, and in part reflects
the enormous size of this locus (see below). With the cloning of the gene, a
number of rapid diagnostic tests have been developed for both direct mutation
identification and linkage analysis using multiple intragenic polymorphisms.
This information can be used to ascertain whether a mutation is sporadic or
inherited, and also for highly accurate prenatal diagnosis and carrier detection
(see below). DNA diagnostics can detect gene mutations or polymorphisms in
blood samples, amniotic fluid cells, and chorionic villus samplings (see
Chamberlain, 1993, for a review) while dystrophin antisera can distinguish
DMD from BMD and other muscle disorders by analysis of muscle needle
biopsy samples (Hoffman et al., 1988a). Numerous studies have now been
reported regarding the various types of mutations responsible for DMD or
BMD. These observations have a number of implications not only for genetic
counselling issues, but also for genotype/phenotype correlations of the dystro-
phin protein, as well as for potential attempts at a clinical treatment for this
lethal disorder.

The dystrophin gene

The dystrophin gene was the first gene isolated by positional cloning methods
and has proved to be the most complex genetic locus identified (Monaco et al.,
1986; Burghes et al., 1987; Ahn & Kunkel, 1993). It is the largest known gene,
spanning at least 2.4 megabases (Mb) at Xp21.1 on the human X-chromosome
and is composed of a minimum of 85 exons that have been well conserved
throughout vertebrate evolution (Koenig et al., 1987, Lemaire, Heilig &
Mandel, 1988; Monaco et al.,, 1992; Roberts et al,, 1993). Seven different
promoters have been identified, with some evidence for an eighth (Nishio et al.,
1994), and more may remain to be uncovered (see below). These different
promoters generated at least five different protein isoform size classes that are
expressed in tissue-specific patterns. Alternative splicing at the 3’ end of the
gene leads to the expression of an even greater variety of isoforms (Fig. 1.1)
(Feener, Koenig & Kunkel 1989; Bies et al., 1992b).

The dystrophin coding region shares clear homology with three other
classes of genes. The entire dystrophin sequence is similar to that of utrophin
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dX 2¢cv dx 4cv dx 3cv  Exon77 UAG
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alternative splicing

Fig. 1.1. Schematic illustration of the organization of dystrophin mRNA isoforms.
Indicated are the relative position of the seven confirmed dystrophin promoters, key
exons as discussed in the text, and the location of characterized mutations in animal
models for DMD. Five mouse mdx mutations have been identified (Sicinski ez al., 1989;
Coxetal., 1993 and Im et al., 1996), as has the cxmd golden retriever mutation (Sharp et
al., 1992), and all six are point mutations. Exons 71-74 are alternatively spliced in
complex patterns, and exon 78 is also alternatively spliced from some transcripts,
leading to the use of an alternate stop codon in exon 79. Additional details are described
in the text.

(also known as the dystrophin-related protein; (Pearce et al., 1993)), while the 5’
and central portions are homologous with members of the spectrin gene family,
including a-actinin (Koenig, Monaco & Kunkel, 1988). The 3’ end of dystro-
phin is homologous with an 87 kilodalton (kD) post-synaptic protein (dystro-
brevin) characterized from Torpedo electric organ (Wagner, Cohen & Huganir,
1993). These observations suggest that dystrophin and utrophin may have
arisen during evolution by juxtaposition of ancestral spectrin and 87 kD-like
genes to form a larger transcription unit.

The dystrophin cortical (C), muscle (M), and Purkinje (P) promoters
express ‘full-length’ transcripts that consist of unique first exons spliced to a
shared set of 78 exons (the names of these promoters indicate major, but not
exclusive, sites of expression: Koenig et al., 1987; Nudel et al., 1988; Gorecki et
al., 1992). Full-length dystrophin isoforms are expressed in various subloca-
tions within muscle and the central nervous system (CNS) (Chamberlain et al.,
1988; Lidov et al., 1990; Gorecki et al., 1992). The C promoter is expressed
primarily in cortical neurons and portions of the hippocampus, while the P
promoter is expressed in cerebellar Purkinje cells (see Chapter 5 and Lidov et
al., 1990; Lidov, Byers & Kunkel, 1993; Gorecki et al., 1992). In contrast, the M
promoter is expressed at low levels in some glial cells of the brain (Chelly et al.,
1990b), but at much higher levels in all muscles of the body (Hoffman et al.,
1988b; Nudel et al., 1988). The transcripts from these promoters are approxi-
mately 14 kilobases (kb) long and generate proteins of approximately 427
kilodaltons (kD). Dystrophin has at least four internal promoters with unique
first exons that splice into exons 30, 45, 56, and 63. These can be referred to,
respectively, as the retinal (R), brain-3 (B;), Schwann cell (S), and general (G)
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promoters, which produce proteins of 260, 140, 116, and 71 kilodaltons (Dp260,
Dp140, Dp116, and Dp71); (Rapaport et al., 1992; Byers, Lidov & Kunkel,
1993; D’Souza et al., 1995; Lidov, Selig & Kunkel, 1995).

The 85 dystrophin exons together span approximately 15kb of
genomic DNA, with perhaps another 10-50kb of genomic DNA involved in
promoter/enhancer functions. Thus, approximately 98% of the 2.4 Mb gene is
composed of introns, and the large size of the locus appears to be conserved in
mouse and chicken (Koeniget al., 1988; Lemaire et al., 1988; Chamberlain et al.,
1989). Due to the location of the various promoters, the gene contains at least
80 introns. The largest intron, other than the intron shared by the three 5’
promoters, is located between exons 44 and 45, and is approximately 180 kb
(Monaco et al., 1992). The largest exon (2.7 kb) is exon 79, which contains the
entire 3’ untranslated region (Bies et al., 1992b). The remaining exons average
less than 200 bp (Roberts et al., 1993). Fig. 1.2 displays the cDNA and predicted
amino-acid sequences from the mouse dystrophin gene (Lee et al., 1991;
Chamberlain et al., 1991), and highlights a number of features that will be
discussed in this chapter. The murine amino acid sequence is 92% identical to
the human dystrophin sequence, which has been described in detail elsewhere
(Koenig et al., 1988).

Deficiency of dystrophin in skeletal muscle leads to the major feature of
DMD, progressive dystrophy of muscle tissue, found in patients and in several
animal models of the disease. Striated and smooth muscle tissues express
almost exclusively the full-length isoform of dystrophin, from the M-promoter,
although low levels of alternatively spliced mRNAs lacking exon 71 (human),
71 and 72 (mouse), or 72 (chicken) have been observed (Feener et al., 1989; Bies
et al.,, 1992b; Lemaire et al., 1988). Additional alternatively spliced products

Fig. 1.2. (Overleaf) The cDNA and predicted amino-acid sequences for the mouse
dystrophin gene (Lee et al., 1991; Bies et al., 1992b) from exon 1 (the mouse muscle first
exon, ‘M’ in Fig. 1.1) into the beginning of the 3’ untranslated region (the full cDNA is
13815bp). The amino-acid sequence is shown in the one-letter code below the
corresponding cDNA sequence, while features of the sequence are indicated above the
cDNA sequence. The beginning of each exon and hinge region is indicated by an
asterisk above the first base of the exon or hinge, followed by a number to designate
order (e.g. *E2 designates the beginning of exon 2). Also indicated by an asterisk is the
end of each hinge (arrows point towards inclusive regions of the hinges and other
protein domains). Actin binding sites 1-3 are indicated (ABS], etc.), and the inclusive
amino acids are underlined. The WW domain begins at the 5’ end of exon 62 (WW- ->),
and continues as indicated into exon 63. Also indicated are the a-syntrophin binding
domain (x-syn B.D.), both leucine zippers (L-Zip 1 and 2; the leucines are underlined),
and the location of the alternate stop codon used when exon 78 is spliced from the
mRNA (alt C, in exon 79).
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Structure and mutation of the dystrophin gene 9

involving exons 71-74 are detected in cardiac muscle (Feener et al., 1989; Bies et
al., 1992b), and alternative splicing of exon 68 leads to the generation of
full-length and truncated dystrophin isoforms in smooth muscle (Feener et al.,
1989). At present, no specific role has been ascribed to the alternatively spliced
isoforms of dystrophin. Ten per cent of DMD patients die from cardiac
involvement and dystrophin is expressed not only in cardiac muscle but also in
cardiac Purkinje fibres, suggesting that cardiac conduction abnormalities
could significantly contribute to mortality in some patients (Bies et al., 1992b).
Several cases of X-linked cardiomyopathy (which has little skeletal muscle
involvement) are caused by dystrophin gene mutations, and in some of these
cases the mutation inactivates the muscle promoter (Towbin et al., 1993;
Muntoni et al., 1995). Apparently the C and/or P promoters can compensate
for this defect in skeletal, but not cardiac muscle (X-linked cardiomyopathy
patients have not been tested for dystrophin expression in cardiac Purkinje
fibres).

Although a large number of dystrophin isoforms are expressed in many
cell types, few tissues besides striated muscle manifest clear phenotypic
consequences of dystrophin gene mutations (Bushby, 1992; Emery, 1993). For
example, cognitive deficits are found in about 30% of DMD/BMD patients,
and this presumably arises from defective expression of dystrophin in the CNS
(Emery, 1993). Mental retardation in DMD patients remains one of the least
well understood features of the disease, primarily because there is no clear
correlation between specific types or locations of mutations and whether or not
a patient displays mental retardation. Cognitive defects generally co-segregate
in families, and there have been reports of an association between mutations in
the 3" half of the gene and mental retardation (Bushby, 1992; Rapaport et al.,
1991). However, no pathological abnormalities have been observed in the CNS
of DMD patients, and it is not clear which of the many dystrophin isoforms
(full-length, Dp140, Dp116, or Dp71) are responsible for the cognitive prob-
lems. It seems likely that the interaction of multiple isoforms plays a role in this
phenomenon.

Electroretinographs of mice and humans have shown that defective
expression of dystrophin transcripts arising from internal promoters is asso-
ciated with abnormal retinal electrophysiology (Pillers et al., 1995). D’Souza et
al. (1995) identified the Dp260 isoform of dystrophin in the outer plexiform
layer (OPL) of the retina, a region that also expresses Dp71. Differential effects
on b-wave timing, amplitude, and oscillatory potentials result from mutations
in various parts of the gene in mice, suggesting that both isoforms might
contribute to the abnormal retinograms observed in dark-adapted retinas
(Pillers et al., 1995).



10 A. Amalfitano, J. A. Rafael & J. S. Chamberlain

The Dp140 isoforms is expressed from a promoter located in intron 44
and has been detected in various glial components of the CNS, where it may
play arole in membrane specialization or attachment of astrocytes (Lidov ez al.,
1995). It is not known whether mutation of this transcript contributes to any
known pathology associated with DMD, although the 5’ end of Dp140 has
been noted to overlap a region frequently deleted in patients with mental
retardation (Rapaport et al., 1991; Lidov et al., 1995). Dp116 and/or Dp140 are
also detected in a glial component surrounding olfactory nerves (Lidov et al.,
1995). The Dp116 isoform is expressed from a promoter located in intron 55,
and is primarily found in the submembrane region of the external layer of
Schwann cells in peripheral nerve (Byers et al., 1993). No evidence has been
presented for direct involvement of this isoform in Schwann cell dysfunction.
Dp71 is expressed from a promoter in intron 62 and is found in almost every
tissue except muscle (Rapaport et al., 1992), but little is known of its potential
function. Although most patients with C-terminal mutations (and the mdx3
mouse mutant) are defective for expression of all dystrophin isoforms, the
retinal defects referred to above are the only non-muscle, clinical phenotypes
consistently correlated with mutation location. The utilization of 5 different
strains of mdx mice (Chapman et al., 1989) that contain unique point mutations
distributed throughout the dystrophin gene may help clarify the role of the
various dystrophin transcripts in non-muscle tissues (Fig. 1.1) (Cox et al., 1993;
Im et al, 1996).

Dystrophin domains

The dystrophin protein is predicted to fold into several distinct structural
domains (see Chapter 2 and Koenig et al., 1987, 1988). The amino-terminus
contains an actin-binding domain encoded by exons 1-8. The majority of the
molecule (encoded by exons 9-63) forms a large rod-like domain composed of
24 ‘spectrin-like’ repeats interrupted by a few spacer regions. Further down-
stream is a cysteine-rich domain (exons 64-67) followed by the C-terminal
region (exons 68-79), which together bind a large complex of membrane-
associated proteins and glycoproteins known as the dystrophin associated
protein (DAP) complex (see Chapter 3 and Ervasti et al., 1990). The C-terminal
domain can be further divided into several subdomains (see below).

The DAPsarepresentat greatly reduced levelsin DM D and mdx muscle,
and are stabilized by their interaction with dystrophin (Ervasti et al., 1990).
Although the complete function of dystrophin in skeletal muscle has not been
fully elucidated, it is thought to provide a critical link between the subsarcolem-
mal cytoskeleton and the extracellular matrix (Ervasti & Camp-bell, 1993).



