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Mutations in the dystrophin gene result in both Duch-
enne and Becker muscular dystrophies (DMD and
BMD). Approximately two-thirds of the affected patients
have large deletions or duplications. Using the multi-
plex polymerase chain reaction and Southern blotting
techniques, the detection of these larger mutations is
relatively straightforward. Detection of the point muta-
tions in the remaining one-third of the patients has
been challenging, mainly due to the large gene size and
lack of hotspots or prevalent mutations. However, with
the addition of some of the newer molecular screening
methods, it is becoming more feasible for clinical labo-
ratories to test for point mutations in the larger genes
like dystrophin. Here we review the clinical features,
describe the mutation distributions, evaluate current
molecular strategies, and illustrate how the genetic find-
ings have impacted the current clinical diagnostics of
Duchenne and Becker muscular dystrophies. (J Mol
Diagn 2005, 7:317-326)

Duchenne and Becker muscular dystrophies (DMD and
BMD) are X-linked, allelic, neuromuscular diseases char-
acterized by progressive muscular weakness and de-
generation of skeletal muscle. DMD is the most common
X-linked recessive lethal disease with an incidence of ~1
in 3500 newborns, and it has been estimated that ap-
proximately one third of the cases result from new muta-
tions.™? Clinical symptoms of the disease are observed
between 2 and 3 years of age. Most affected boys exhibit
retarded motor development, with approximately half of
them failing to walk until the age of 18 months. Other early
onset characteristics include an unusual waddling gait,
difficulties with running and jumping, lumbar lordosis,
and calf enlargement.”3 Weakness and wasting of mus-
cle are progressive and symmetrical, affecting the lower
limbs before the upper limbs and the proximal muscles
before the distal muscles. Joint contractures are an im-
portant clinical manifestation, and by the age of 6 years

most patients have contractures at the iliotibial bands, hip
joints, and heel cords. Regenerating fibers becomes less
frequent as the disease progresses and are eventually
replaced by adipose and connective tissues, accounting
for the pseudohypertrophic muscles. The affected chil-
dren are usually wheelchair-bound by the age of 12
years. As the disease progresses, the contractures in-
creasingly develop, leading to the asymmetrical spinal
deformities.® Most patients die at approximately the age
of 20 of pneumonia related to chronic respiratory
insufficiency.

Cardiac involvement is a consistent part of DMD. As
many as 90% of DMD patients demonstrate electrocar-
diogram abnormalities.* The heart exhibits fibrosis in the
posterobasal portion of the left ventricular wall. Defects in
the intra-atrial conduction system are more common than
atrioventricular and infranodal disturbances. Despite
known cardiac disease, most patients with DMD remain
surprisingly free of cardiovascular symptoms.

Approximately 20% of affected patients will be men-
tally handicapped. The impairment of intellectual function
appears to be nonprogressive and affects verbal ability
more than performance.® The cognitive impairment can-
not be attributed solely to physical limitations, as similarly
handicapped patients with spinal muscular atrophy do
not have impaired intelligence. The neuropathological
correlate for mental retardation in DMD has not been
established; however, a specific isoform of the DMD pro-
tein has been shown to be expressed in the brain.

The allelic disorder BMD has a milder clinical course
and a slower disease progression.® BMD has been esti-
mated to occur approximately one-tenth as frequently as
DMD, with an incidence of ~3 per 100,000 newborns.
The majority of BMD patients initially experience difficul-
ties between 5 and 15 years of age, although onset in the
3rd or 4th decade, or even later, can occur. By definition
the affected patients remain ambulant until 16 years of
age or later, thus allowing the clinical distinction from
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patients with DMD. Patients with BMD have a reduced life
expectancy, but the majority of patients survive into at
least the 4th or 5th decade. A well-recognized subgroup
of patients with an intermediate course between those
typical of Duchenne and Becker dystrophies are referred
to as intermediate patients or outliers.” These patients
can usually be recognized by the age of 3 years by the
relative preservation of strength in neck flexion (anti-
gravity neck flexor muscles), whereas patients with DMD
lack this ability throughout their entire life. The intermedi-
ate patients retain the ability to climb stairs and walk
(after the age of 12 but not beyond 15 years) longer than
patients with typical DMD.

Gene Studies

The DMD gene is one of the largest human genes iden-
tified, spanning more than 2000 kb of genomic DNA, and
is composed of 79 exons that encode a 14-kb transcript
that is translated into the protein dystrophin.®® Analysis
of the amino acid sequence of dystrophin predicts a
rod-shaped cytoskeletal protein. Four distinct domains
have been defined: 1) an amino terminus that associates
with actin or an actin-like protein, 2) a rod domain con-
sisting of long flexible rows of 24 a-helical repeats, 3) a
cysteine-rich region, and 4) a unique carboxy terminus.
Dystrophin tightly associates with a large oligomeric
complex of sarcolemmal glycoproteins through its cys-
teine-rich domain and carboxy-terminus whereas the
amino-terminal domain interacts with actin or an actin-like
protein.'0~12

By immunochemistry, dystrophin has been shown to
be on the cytoplasmic face of the muscle cell membrane
and at postsynaptic membrane specializations in neu-
rons. Dystrophin comprises only 0.002% of total muscle
protein but up to 5% of the membrane skeleton. Dystro-
phin is found in skeletal muscle, smooth muscle, cardiac
muscle, and brain. There are slightly different forms of
dystrophin mRNA in different tissues due to different
transcription start sites and alternative splicing.'®~'®
Dystrophin’s exact function is not known, but it may be
important in maintaining muscle membrane stability. Pa-
tients with DMD have very little or no detectable dystro-
phin whereas BMD patients have dystrophin of altered
size and/or less quantity.'® However disease cause may
be more complex than a simple loss of dystrophin. Stud-
ies have shown that several of the glyco-proteins that
interact with dystrophin are also absent in these disor-
ders.'~'° The dystrophin-associated proteins may be
directly involved with the calcium flux in the dystrophic
fibers. Thus, the loss of dystrophin may be the first of
many steps that ultimately lead to muscular dystrophy.

It has been observed that ~60 to 65% of the mutations
that cause DMD/BMD are large deletions in the dystro-
phin gene.?®2" The distribution of deletions within the
DMD gene of DMD/BMD patients studied at The Ohio
State University are shown in Figure 1. Blood specimens
were obtained from affected patients who had been re-
ferred to the Ohio State Molecular Pathology Laboratory.
The probands were diagnosed by standard clinical diag-

nostic criteria, including elevated creatine kinase levels
and myopathic changes detectable on muscle biopsy.
The deletions are nonrandomly distributed and occur
primarily in the center (~80%) and less frequently near
the 5’ end (~20%) of the gene. The 200-kb region cov-
ering intron 44, exon 45, and intron 45 is the major dele-
tion breakpoint region of the gene. The majority of the
larger deletions initiate at the 5’ end of the gene. The
distribution of deletions (Figure 1) has been demon-
strated in many populations and ethnic groups.

There is no apparent correlation between the size or
location of the deletion and the severity or progression of
the disorder. One of the largest deletions (35 exons) we
have identified is in a mild BMD patient. Furthermore,
sequences deleted in DMD patients overlap with dele-
tions in BMD patients. However, it was proposed that if a
deletion disrupts the translational reading frame of the
dystrophin mMRNA triplet codons, then a C-terminally trun-
cated nonfunctional protein will be synthesized, resulting
in the more severe DMD.2? In the milder BMD, the dele-
tion maintains the translational reading frame, and a
semifunctional protein is produced. The reading frame
hypothesis explains the phenotypic differences observed
in ~90% of the DMD/BMD cases. One major exception to
the reading frame hypothesis has been the identification
of BMD patients with the out-of-frame exon 3 to 7 dele-
tion.®® It has been proposed that an alternate splicing
mechanism or a new cryptic translational start site may
account for the production of protein and the milder
phenotype in these patients. A small number of DMD
patients with in-frame deletions have also been identified.
The more severe phenotype in these patients may be due
to the overall effect of the deletion on the protein confor-
mation or may be the result of message instability. We
have found some phenotypic variability in several of our
patients who share identical gene deletions. The out-of-
frame deletion of exon 45, one of the most commonly
observed DMD deletions, has also been associated with
BMD phenotypes.?* Some genetic variability may be due
to modifier genes that affect splicing or other molecules
involved in destruction of damaged muscle fibers, mus-
cular regeneration, or in the cellular response to different
hormones.

The large gene size, particularly the introns that aver-
age 35 kb, may account for part of the high deletion rate.
However, in addition to target size, other factors must be
involved. The observed nonrandom deletion pattern may
reflect domain-associated variation in chromosomal sta-
bility. For instance, complications related to the mainte-
nance of replication, correct transcription, and proper
splicing of such a large gene may play an extremely
important role.

Partial gene duplications have been revealed in ~5 to
10% of patients.?®> Unlike the deletion distribution, we
have found ~80% of the duplications at the 5" end of the
gene and only 20% in the central region (Figure 2). The
duplication distribution, like the deletion distribution, has
also been demonstrated in different populations and eth-
nic groups. Out-of-frame duplications in DMD patients
and in-frame duplications in BMD patients have been
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Figure 1. Distribution of deletions in the dystrophin gene in DMD and BMD patients. Each bar represents a deletion observed in a patient. The number to the
right of the deletion bar indicates the number of independent patients sharing deletions of the same exon. Analysis was performed by Southern blotting and
multiplex PCR. Arrows indicate the ¢cDNA probes used for Southern blotting.

observed, suggesting that the reading frame hypothesis
also holds true for duplications.?®

There are now reports of small mutations (point muta-
tions and small deletions and duplications) detected in

the dystrophin gene in the remaining DMD and BMD
patients without large deletions or duplications.?®?” The
distribution of small types of mutations within the dystro-
phin gene of DMD and BMD patients studied at The Ohio
State University is shown in Figure 3 and Table 1. The
majority of these mutations are unique to single or a few
patients and result in truncated dystrophins lacking part
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Figure 2. Distribution of duplications in the dystrophin gene in DMD and
BMD patients. Each bar represents a duplication observed in a patient. The
number right of the duplication bar indicates the number of independent
patients sharing duplications of the same exon. Analysis was performed by
Southern blotting. Arrows indicate the cDNA probes used for Southern
blotting.

: Multiple Mutation Sites

Figure 3. Distribution of point mutations in the dystrophin gene in DMD and
BMD patients. The numbers indicate the number of independent patients
sharing a mutation in the same exon. Table 1 specifies the actual nucleotide
changes. CM, cardiomyopathy splice point mutation.
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Table 1. Summary of Small Mutations in the Dystrophin Gene
Mutation Phenotype Exon Description Translational effect
1 CM Prom+ex1 IVS1 + 1 G>T splice point mutation Splice site mutation
2 IMD 2 58 del A Frameshift
3 DMD 3 161 T>G Leu > Arg
4 DMD 8 709 C>T GIn > term
5 DMD 8 721 C>T GIn > term
6 DMD 8 724 C>T GIn > term
7 DMD 8 775 del A Frameshift
8 DMD 1 1235 del T Frameshift
9 IMD 12 1438 G>T Gly > term
10 DMD 14 1702 C>T GIn > term
11 DMD 16 1934 A>G Asp > Gly
12 DMD 16 1974 del T Frameshift
13 DMD 19 2302 C>T Arg > term
14 DMD 19 2314 G>T Glu > term
15 DMD 19 2359 del C Frameshift
16 DMD 19 2368 C>T GIn > term
17 DMD 20 2475 G>A Trp > term
18 DMD 20 2512 C>T GIn > term
19 DMD 21 2788 A>T Lys > term
20 DMD 23 2954 T>A Leu > term
21 DMD 25 3304 C>T GIn > term
22 BMD 25 3413 G>A Trp > term
23 DMD 26 IVS 25 to 8 to 3434 del TGTGGAAG/GT ins Splice site mutation
GTTT (10 base deletion, 4 base insertion,
splice site is in the deletion)
24 DMD 26 3523 C>T GIn > term
25 DMD 27 3630 del A Frameshift
26 DMD 29 4031 del 13 Frameshift
27 DMD 32 4375 C>T Arg > term
28 DMD 32 4414 del C Frameshift
29 DMD 32 4470 del AA Frameshift
30 DMD 33 IVS 33 + 1 G>A Splice site mutation
31 DMD 35 4933 A>T Lys > term
32 DMD 35 5009 G>A Trp > term
33 DMD 37 5266 C>T GIn > term
34 DMD 37 5307 del C Frameshift
35 DMD 43 6202 del C Frameshift
36 DMD 44 6373 C>T GIn > term
37 DMD 45 6544 C>T GIn > term
38 DMD 56 8267 del A Frameshift
39 DMD 56 8269 G>T Glu > term
40 DMD 56 8311 del G Frameshift
41 DMD 56 8371 A>T Lys > term
42 DMD 57 8443 C>T GIn > term
43 BMD 59 8713 C>T Arg > term
44 DMD 59 8782 ins A Frameshift
45 DMD 60 8944 C>T Arg > term
46 DMD 60 9072 G>A Trp > term
47 DMD 61 9090 del C Frameshift
48 DMD 61 9154 del TTTC Frameshift
49 DMD 65 9380 C>G Ser > term
50 DMD 68 9823 ins A Frameshift
51 DMD 68 9852 del 10 Frameshift
52 DMD 69 9976 del T Frameshift
53 DMD 70 10141 C>T Arg > term
54 BMD 74 10504 G>T Glu > term
55 DMD 75 10562 del A Frameshift
56 DMD 76 10903 C>T GIn > term

CM, cardiomyopathy patient.

All mutations were screened initially by denaturing high performance liquid chromatography and heteroduplex analysis. A final sequencing step

was then utilized to confirm the nature of all the positive screening tests.

sumably unstable, and little or no dystrophin is produced.
Although the point mutations are consistent with the read-
ing frame hypothesis described for deletions and dupli-
cations, these types of mutations provide little information
on structural/functional relationships in the dystrophin
protein. Missense mutations are rare in the dystrophin

gene, even in the milder BMD patients. Although several
base changes causing significant amino acid substitu-
tions have been reported in the dystrophin gene, the
majority of these are polymorphic changes. The identifi-
cation of mutations that do not cause protein truncation
provides further insight into the function of dystrophin as



well as defining the essential regions and conformations
necessary for dystrophin stability. DMD missense muta-
tions, which we previously described in exons 3 and 16,
have supported the important role of an intact actin-
binding domain and the proper conformation of the rod
domain for dystrophin function.?”

Unlike the deletion hotspots occurring in the central
and 5’ portion of the gene, the distribution of small mu-
tations are more randomly distributed throughout the
gene sequence (Figure 3). However, whereas less than
3% of the deletions are found 3’ of exon 55, we have
found more than 30% of the small mutations in this same
region of the gene. The extent of protein truncation
caused by the 3" mutations does not determine the phe-
notype because even the exon 76 point mutation results
in the more severe DMD phenotype.

There have now been several cases of dystrophin
gene mutations resulting in X-linked dilated cardiomyop-
athy (XLDC). XLDC is a familial heart disease that pre-
sents in young males as a rapidly progressive heart
failure, without clinical signs of skeletal muscle disease.
The XLDC mutations occur in the dystrophin muscle pro-
moter region or exon 1, which results in phenotypic res-
cue by an alternative promoter in all tissues except the
heart, thus causing a cardiac condition rather than a
skeletal myopathy.?® We recently identified a mutation at
the 5" splice site of dystrophin intron 1 in an XLDC patient
(Figure 3 and Table 1). This mutation was first reported by
Milasin and colleagues,®® who showed that compensa-
tory transcription in the muscle of other dystrophin iso-
forms were able to prevent the myopathy but that ab-
sence of these isoforms in the heart resulted in the dilated
cardiomyopathy.

Molecular Diagnostics

The analysis of gene mutations has greatly improved
diagnosis, carrier detection, and genetic counseling.
With the ability to identify deletions and duplications in
~70% of affected patients, accurate direct DNA testing
can be used for these cases. By using full-length dystro-
phin cDNA clones to probe Southern blots, it is possible
to directly detect deletions and duplications. The cDNA
probes detect the site of the mutation itself, so meiotic
recombination events are irrelevant. Therefore, the
chance of diagnostic error is greatly reduced. The di-
gested and blotted DNA is sequentially hybridized with
seven to nine cDNA probes, which cover the complete
14-kb transcript. Approximately 10 exons are scored for
each cDNA hybridization. However, as shown in Figure 1,
the deletions are primarily located in two hotspots; there-
fore, the majority of deletions can be identified by four
cDNA probe hybridizations (1-2a, 2b-3, 5b-7, and 8). The
deletions are simply detected by examination of Southern
blots for the presence or absence of each exon contain-
ing genomic restriction fragments that hybridize to the
cDNA probe (Figure 4). A male control is included on all
Southern blots to show the proper location and intensity
of the restriction fragments. A duplication is revealed by
an increased hybridization intensity of one or more DNA
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Figure 4. Southern hybridization using a dystrophin cDMD probe that hy-
bridizes to exons 12 to 19 (DNA digested with Hindlll). Lane 1 is an
unaffected male control. The DMD patient in lane 2 has a gene deletion of
exons 12 to 13. The DMD patient in lane 3 has a gene deletion of exons 13
to 17. The DMD patient in lane 4 has a gene duplication of exons 14 to 17.
The DMD patient in lane 5 has a gene deletion of exons 12 to 19.

fragments when compared to the male control (Figure 4).
Duplications should always be confirmed using a second
different restriction enzyme digestion, and the autoradio-
gram should be scanned by densitometry.

The most commonly used restriction enzyme for DMD
analysis is Hindlll because the restriction pattern for all 79
exons is known and the majority of exons are on single
fragments. Bglll and EcoRl are also commonly used en-
zymes. If a duplication or deletion starts or ends within
the restriction enzyme exon fragment, an altered sized
fragment will be detected (Figure 5). The altered frag-
ments are known as junction fragments, or J-bands, and
are found in ~5% of the deletions. The J-bands can be
helpful in determining the origin of the mutation and in
carrier determinations; however, normal restriction en-
zyme polymorphisms can also generate new altered frag-
ments. We have found several dystrophin gene Hindlll
polymorphisms in the African-American population so
care should be taken not to confuse these with dele-
tions.®® The use of a second restriction enzyme often
allows the distinction between junction fragments gener-
ated from deletions from polymorphic variants. We have
also found a polymorphism, with a frequency of ~20% in
African-Americans, which alters both the exon 8 and 9
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Figure 5. Southern hybridization using a dystrophin cDMD probe that hy-
bridizes to exons 20 to 28 (DNA digested with HindIIl). The DMD patient in
lane 2 is deleted for exons 22 to 28 and an exon 21 junction fragment has
resulted (arrow).

HindIll and Bglll restriction fragments.®° To avoid misin-
terpretation of this of this common African-American poly-
morphism, polymerase chain reaction (PCR) of the exons
8 and 9 is an excellent confirmation.

The Southern blotting technique requires isotope, re-
quires high molecular weight DNA, and is tedious and
time consuming. Alternatively, rapid and efficient deletion
screening can be performed by the multiplex PCR.®' The
technique allows one to amplify specific deletion-prone
exons within the DMD gene up to a million-fold from
nanogram amounts of genomic DNA. The exon products
are discriminated from one another by size after gel
electrophoresis. When any one of the coding sequences
is absent from a patient sample, no ethidium bromide-
stained amplification product, corresponding to the spe-
cific exon, is present on the gel (Figure 6). Multiplex PCR,
using primer sets for ~20 different exons, can now detect
~98% of the deletions in the dystrophin gene.3"32

In contrast to Southern blotting, which may require
several cDNA hybridizations and take several weeks to
obtain results, the multiplex PCR assay can be com-
pleted in 1 day. This makes the technique ideal for pre-
natal diagnosis, when time is critical. Prenatal diagnosis

Exon 45
Exon 19

Exon 8

Exon 13
Exon 47

Figure 6. Multiplex DNA amplification of DNA from DMD patients. Lane 1,
Unaffected male control. Lane 2, DMD patient deleted for exons 45 and 47.
Lane 3, DMD patient deleted for exons 13 and 19.

is performed on DNA extracted either by chorionic villus
sampling or by amniocentesis. When the deletion has
already been identified in an affected male, the multiplex
PCR deletion test is straightforward and highly accurate
for female relatives. However, an important issue in pre-
natal testing is the confirmation that the fetal DNA sample
is not contaminated with maternal DNA. Contamination
from the mother could potentially mask a deletion present
in the male fetus. The absence of maternal DNA should
be demonstrated by typing the fetal DNA sample with a
polymorphic marker for which the mother is heterozy-
gous. The presence of a single maternal allele in the fetus
thus confirms the lack of maternal contamination.

We have found that multiplex PCR and Southern blot-
ting complement each other and we therefore test all
patients using both methods. There are several reasons
for our strategy. First, the identification of duplications by
standard multiplex conditions and ethidium bromide
staining is technically difficult because it is during the
exponential phase that the amount of amplified products
is proportional to the abundance of starting DNA. This
occurs when the primers, nucleotides, and Tag polymer-
ase are in large excess over that of the template concen-
tration. In our experience, after the completion of an
adequate number of cycles®®*° to visualize the PCR
products on an ethidium bromide-stained gel, the PCR
reaction is no longer in the exponential quantitative range
and the duplicated exons appear little or no brighter than
the normal single copy exons. By using densitometry and
multiple restriction digests, we have found the detection
duplications by Southern blotting to be relatively straight-
forward. However, the recent utilization of automated
DNA fragment analysis using multiplex PCR with fluores-
cently labeled primers has allowed more accurate detec-
tion of duplications. Second, Southern blotting allows
determination of all deletion and duplication endpoints,
which is important in determining the effect of the muta-
tion on the reading frame. Because the majority of labs
tend to assess ~20 to 25 deletion prone exons by multi-
plex PCR, itis not possible to obtain all endpoints by PCR
alone. Third, the Southern blot technique allows for the
detection of junction bands. Last, we have found it to be
a good quality control practice to confirm all mutations by
two separate analyses. A new technique was recently
described to detect both deletions and duplications,
combining both multiplex PCR and probe hybridization.
The multiplex amplifiable probe hybridization is based on
the quantitative recovery of probes after their hybridiza-
tion to immobilized DNA 33 The probes are recovered by
simultaneous PCR amplification, which produces differ-
ent sized products, and are analyzed on a 96-capillary
sequencer. Therefore, changes in peak heights reflect
either gene deletions or duplications. The technique has
been shown to be accurate and labor efficient.

Carrier Studies

The identification of a deletion in a DMD patient not only
confirms the diagnosis but also allows one to perform
accurate carrier detection in the affected family. Carrier
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Figure 7. Carrier determination by gene dosage. The affected son (II-3) is
deleted for exon 50. Exon 19 is the internal standard because the affected son
is not deleted for this exon. The mother (I-1) and the daughter (II-1) show
a 50% reduction of hybridization of exon 50:19 dosage ratio compared to the
noncarrier female control (¢), and are therefore carriers. Daughter (11-2) is a
noncarrier because her exon 50:19 dosage ratio is equivalent to the female
control (¢). The samples were subjected to 14 PCR cycles and the PCR
products were Southern blotted and hybridized with the corresponding
¢DNA probes 2b-3 and 8.

status is determined by gene dosage, which is deter-
mined by whether a female at risk exhibits no reduction or
50% reduction in hybridization intensity in those bands
that are deleted for the affected male.3*3> A 50% reduc-
tion (single-copy intensity) for the deleted band or bands
on the autoradiograph indicates a deletion on one of her
X chromosomes and she would therefore be a carrier.
Dosage determinations can be made from Southern blot
or quantitative polymerase chain reaction. Because cos-
mid clones are available for several of the dystrophin
exons, fluorescence in situ hybridization can also be used
for carrier detection in families with a known dystrophin
deletion.®®

Results from a case study using quantitative PCR and
dosage testing are shown in Figure 7. A DMD patient was
found to have a molecular deletion for exon 50. This was
an isolated case of the disease, so the mother and two
daughters were tested for the deletion. To obtain quanti-
tative results, PCR products must be measured during
the exponential phase of the amplification process.
Therefore, exon 50 in the mother, daughters, proband,
and a normal female control were amplified for 12 cycles
and hybridized with the corresponding cDNA probe, with
the autoradiogram shown in Figure 7. Exon 19 serves as
an internal control because this is an exon that is not
deleted in the patient. The female control reveals the
normal two-copy intensity of each exon and is included
on all dosage determinations. Rather than directly com-
paring single bands, band ratios are calculated as a
means of decreasing the error caused by differences in
the amount of amplified product in each lane. The exon
50:19 ratio in the mother (I-1) is approximately half the
normal control ratio. These ratios were confirmed by den-
sitometer. Therefore, the mother is a carrier of the exon 50
deletion and the proband (11-3) is not the result of a new
spontaneous mutation. Daughter 1I-1 also had an exon
50:19 ratio consistent with positive carrier status,
whereas daughter 1I-2 had a normal noncarrier exon
50:19 ratio.
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Dosage determinations permit direct carrier analysis
and eliminates the inherent problems of the restriction
fragment length polymorphism technique (recombina-
tions, noninformative meioses, unavailability of family
members, and spontaneous mutations). This is important
because, unlike the affected males, the heterozygous
females are generally asymptomatic, and creatine kinase
is only elevated in ~50 to 60% of known carriers.

When the dosage analysis indicates that the mother
does not have a deletion, she still has an uncertain risk of
carrier status, owing to the possibility of germline mosa-
icism.®” Cases of germline mosaicism in DMD have been
reported in which a deletion is transmitted to more than
one offspring by a mother who shows no evidence of the
mutation in her somatic cells. Cases of germline mosa-
icism have important implications for counseling. First
and most obvious is the need to perform carrier studies
on all daughters of deletion cases. The sisters of DMD
patients may be carriers and should be investigated in-
dependently of the outcome of the mother. Furthermore,
a negative deletion result in a mother does not rule out a
recurrence risk for future pregnancies, and prenatal
screening should still be offered. Because it depends on
the size of the mutant clone in the mosaic mother, the
exact recurrence risk in germline carriers is unknown.
However, in these cases the risk is significantly increased
relative to what had been initially perceived as a new
mutation with a low-recurrence risk. It has been estimated
that mothers of apparently sporadic DMD cases, when
the mutation is not present in her somatic DNA, have a
20% risk of being a germline carrier.®® Therefore, the
mother has a 5% risk of having an affected son.

With the high rate of mutation, possibly as a result of
the large intron serving as a source of genetic recombi-
nation leading to deletions and duplications, we recently
investigated the origin of the deletion in isolated cases.
The proportion of mothers of isolated cases found to be
carriers of the deletion, by dosage or junction fragment
analysis, was ~44% (42 of 96). The remaining mothers
did not carry the mutation identified in their affected son,
consistent with a de novo mutation in one or a portion of
their germ cells. It is possible that a number of mothers
may actually be somatic mosaics, and the deletion may
have been revealed by testing other tissues. On further
investigation we found that the origin of the mutation
differed depending on the location of the deletion. For
deletions initiating at the 5’ end of the gene (exon 1 to
20), 18 of 32 of the mothers were carriers of the deletion
whereas for deletions more distal in location (exons 43 to
55), 24 of 64 mothers were carriers. Our results are
consistent with those of Passos-Bueno and colleagues®®
who showed that deletions in the proximal part of the
gene have a higher probability of becoming a familial
inherited mutation, whereas distal deletions are more
often sporadic.

In the 35% of families with undefined mutations, carrier
detection and prenatal diagnosis depend on linkage
analysis. The method relies on the co-inheritance of the
disease gene with those DNA polymorphic variations
known to be located very close to or within the disease
gene. Thus, even when the responsible gene mutation
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remains unknown, the linkage technique allows one to
trace the mutation through an affected family and make
predictions about the inheritance of the disorder. Micro-
satellite sequences, which correspond to short tandem
repeats (di-, tri-, or tetranucleotides) and tend to be
highly polymorphic in repeat number, have been found in
several locations in the DMD gene and have significantly
improved linkage analysis.*°~“*? The microsatellites vary
in allele length and can easily be tested by PCR. Al-
though the indirect approach can provide valuable infor-
mation, it is limited by the possibility of recombination
between the microsatellite sequence and the unknown
mutation, the presence of sporadic mutations, and the
availability of family members. The intragenic recombina-
tion rate over the entire length of the DMD gene was
estimated to be as high as 12%.%® The high recombina-
tional error rate can be overcome by using markers at
both ends of the gene. By using at least four microsatel-
lite markers evenly distributed across the gene, the ability
to identify a recombination event is increased. However,
the results are still often extremely limited for extended
family members of isolated cases of the disease, due to
the possibility of the occurrence of a new mutation. Link-
age indicates only whether the female at risk inherited the
same X chromosome as the affected male, not whether
she is a carrier the defective gene. Furthermore, because
the gene mutation remains unidentified, a correct diag-
nosis is essential. This is extremely important with pa-
tients presenting with the milder BMD because this phe-
notype can overlap with other neuromuscular disorders.
The diagnosis can usually be made clinically on the basis
of symptoms and signs at presentation, increased crea-
tine kinase levels, and myopathic findings. A family his-
tory in conjunction with the clinical findings would
strongly suggest the diagnosis of DMD or BMD. How-
ever, if there is any question of the diagnosis, the Western
blot assay of the dystrophin protein on a muscle biopsy
specimen should be considered to confirm the diagnosis.

Point Mutation Detection in the Dystrophin
Gene

As previously described, using multiplex PCR and South-
ern blotting, large genomic deletions and duplications
have been identified in approximately two-thirds of the
DMD/BMD population. The other mutations are due to
smaller types of mutations within the dystrophin gene and
require some type of sequencing-based strategy. In most
routine diagnostic services, these mutations remain un-
detected because sequencing the entire gene is both
expensive and labor intensive. However the identification
of these mutations is not only important for the confirma-
tion of the diagnosis but also for the determination of
accurate carrier and prenatal studies. Due to the high
mutation rate in the dystrophin gene, carrier testing
based on indirect linkage results is often limited for ex-
tended family members of isolated cases of the disease.
Knowledge of the exact causative mutation allows deter-
mination of the origin of the mutation in families with
simplex cases of the disease.

Using a variety of screening methods (single strand
conformational polymorphism, denaturing high perfor-
mance liquid chromatography, heteroduplex analysis,
denaturing gradient gel electrophoresis, detection of vir-
tually all mutations, protein truncation test) performed
primarily in research settings, several studies have now
identified smaller types of mutations in the dystrophin
gene. Although some common mutations have been
found, most mutations have been unique (private muta-
tions) to single or few patients and are distributed
throughout the gene with no mutational hotspots (Figure
3). The majority of the mutations have been shown to
affect only one or a few nucleotides and result in protein
truncation, lacking part or all of the C-terminus. It is clear
from numerous studies that the testing of the nondeletion/
duplication patients, due to the large gene size and the
lack of a point mutation hotspot, is laborious and expen-
sive. Because the majority of mutations result in protein
truncation, the protein truncation test has been success-
fully used by some investigators to detect point mutations
in the DMD gene.**** Using de novo protein synthesis
from RNA extracted from the patient, the coding region is
screened for truncating types of mutations. The RNA is
reverse transcribed and the cDNA is then PCR amplified
with a primer that facilitates in vitro transcription by T7-
RNA polymerase. A translation step then generates pep-
tide fragments that are analyzed on gels for the identifi-
cation of shorter fragments indicative of a truncation. The
major limitation of the protein truncation test is that it
requires dystrophin RNA, which is most abundant in the
muscle, and therefore muscle biopsies are the specimen
of choice. Muscle biopsies are not always available from
affected patients, and RNA extracted from lymphocytes
is more difficult to use because its presence is very low.

Although a number of the current strategies have been
shown to be very sensitive for detecting small alterations
in the very large dystrophin gene, the majority of these
methods cannot distinguish mutations from polymorphic
variations. A final sequencing step is required to confirm
the nature of all positive screening tests. In our point
mutation studies on nondeletion cases (Figure 3 and
Table 1), we initially screened each DMD exon by dena-
turing high performance liquid chromatography and only
exons that demonstrated aberrant peaks were se-
quenced. We found the denaturing high performance
liquid chromatography screen to be both sensitive and
labor efficient. However, for the testing of the nondeletion/
duplication patients to be performed in the routine mo-
lecular diagnostic laboratory, more high-throughput se-
quencing techniques are necessary. Recently a single
condition amplification/internal primer sequencing tech-
nique was described for point mutation detection in the
dystrophin gene.*® The method relied on amplification of
dystrophin gene exons at a single set of PCR conditions
followed by sequencing using a second set of internal
primers. The analysis was both automated and high
throughput, with all of the dystrophin exons being se-
quenced within 3 working days at a reasonable cost. The
key features of this system, being sequence-based and
automated, increase its desirability and potential for ap-
plication in a routine molecular diagnostic laboratory.



By using one of the current methods of point mutation
analysis, detection rates can now be increased from
~70% (by deletion and duplication studies alone) to
greater than 90%. As a result of the improved testing
sensitivity, a diagnostic muscle biopsy for the measure-
ment of dystrophin levels is not necessary in the majority
of cases. The molecular testing not only replaces the
invasive muscle biopsy test, and its general discomfort,
but is also cost effective.*” It is apparent, however, from
the majority of point mutation studies, that not all muta-
tions are identified. Some of the undetected mutations
may reside in the large dystrophin introns or in regulatory
regions. In these cases a muscle biopsy may be helpful
in establishing an accurate diagnosis.

Conclusions

As a result of the discovery of the dystrophin gene and
elucidation of the mutational spectrum, clinical diagnostic
testing for DMD and BMD has significantly improved.
Until an effective treatment is found to cure or arrest the
progression of these diseases, prevention of new cases
through accurate diagnosis and carrier and prenatal test-
ing is of the utmost importance. In the future molecular
therapies (such as anti-sense oligonucleotides, antibiot-
ics, or chimeric RNA/DNA) will be applied according to
the specific dystrophin mutation. This will require a com-
plete mutation analysis and identification of all types of
dystrophin mutations.
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