
SHORT COMMUNICATION

Characterization of deletion breakpoints in patients
with dystrophinopathy carrying a deletion of exons
45–55 of the Duchenne muscular dystrophy
(DMD) gene
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Toshiyuki Sato4, Shin’ichi Takeda2 and Shu-ichi Ikeda1

Deletion of exons 45–55 (del45–55) in the Duchenne muscular dystrophy gene (DMD) has gained particular interest in the field

of molecular therapy, because it causes a milder phenotype than DMD, and therefore, may represent a good candidate for the

goal of a multiple exon-skipping strategy. We have precisely characterized deletion breakpoints in three patients with del45–55

in DMD. Two of them were young adult males of the X-linked dilated cardiomyopathy phenotype, and the third patient revealed

the mild Becker muscular dystrophy phenotype of late onset. The deletion breakpoints differed among patients. The deletion

started at nt 226 604, 231 518, 117 284 in intron 44, and ended at nt 64 994, 59 314, 71 806 in intron 55, respectively.

Deletion junctions showed no significant homology between the sequences adjacent to the distal and proximal end joints in

these patients. Deletion breakpoints were not primarily associated with any particular sequence element, or with a matrix

attachment region. However, there were several palindromic sequences and short tandem repeats at or near the breakpoints.

These sequences, with a marked propensity to form secondary DNA structure intermediates, may predispose local DNA to

breakage and intragenic recombination in these patients.
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INTRODUCTION

The Duchenne muscular dystrophy gene (DMD) is the largest one
so far identified, spanning more than 2.5Mb and occupying
roughly 0.1% of the human genome.1 Mutations in DMD cause a
devastating muscular dystrophy named Duchenne/Becker muscular
dystrophy (DMD/BMD). The cardio-specific phenotype of dystro-
phinopathy is also known as X-linked dilated cardiomyopathy
(XLDCM).1 Intragenic deletions and duplications together
account for over two-thirds of the mutations found in DMD/BMD
patients.2–7 Despite heterogeneity in both deletion size and location,
two deletion ‘hotspots’ have been identified in DMD: a minor ‘hot-
spot’ including exons 2–19, and the major one involving exons 40–50
or 45–55.2,4,5,7

Among deletions of variable sizes and locations found in DMD/
BMD patients, deletion of exons 45–55 (del45–55) in DMD has gained

particular attention because an artificial dystrophin with del45–55
created by a multiple exon-skipping strategy could transform the
DMD phenotype into the asymptomatic or milder BMD phenotype.8

We reported three patients with del45–55 who presented with the
phenotypes far from DMD.9 Two of them were young adult males of
the XLDCM phenotype.9,10 The third patient revealed the mild BMD
phenotype of late onset.9,11 Our patients support the hypothesis that
del45–55 could be a good candidate for the goal of a multiple exon-
skipping strategy for DMD.
To elucidate the molecular basis of del45–55 in more detail, we have

characterized the breakpoints of del45–55 in DMD in these three
patients. To our knowledge, only two breakpoints have been precisely
described in intron 44,12 which is the major deletion-prone region in
DMD.1,6,7,13 On the other hand, an analysis of breakpoints in intron
55 has never been reported.
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MATERIALS AND METHODS

Patients
Clinical details of the patients were reported earlier.9–11 The patient number in

this study corresponded to that in the previous report.9 Patients 1 and 2 shared

the similar clinical phenotype of XLDCM. They had been free of muscular

symptoms before they developed congestive heart failure along with cold-like

symptoms at the age of 26 and 36 years, respectively.9,10 Despite no obvious

muscular atrophy or weakness, the hyperCKemia reminded us of dystrophino-

pathy. Patient 3 showed the mild BMD phenotype with muscular atrophy and

weakness in the extremities, which began around the age of 59 years.9,11 He

showed no obvious cardiac involvement.

Identification of breakpoints
The sequences of introns 44 and 55 were derived from the University of

California Santa Cruz (UCSC) human genome website (http://genome.ucsc.edu).

The nucleotide numbering was started from the first nucleotide for each intron

in this paper. A total of 53 primer sets were designed to roughly span introns 44

(28 sets) and 55 (25 sets), and to yield PCR products of 200–300 bp. Using

these primer sets, three patients were independently screened by PCR for the

presence or absence of regions targeted by primer sets. The failure of PCR

amplification indicated that either the entire fragment or at least one annealing

site was deleted. PCR reaction conditions were as follows: 95 1C for 1min

(initial denaturation), 30 cycles of 95 1C for 30 s (denaturation), 60 1C for 1min

(annealing), 72 1C for 1min (extension) and 95 1C for 7min (final extension).

When mapping of both 5¢ and 3¢ breakpoints was restricted to less than 1–2kb,

direct amplification was tried to obtain the junctional fragments with a

combination of sense primers in intron 44 and antisense primers in intron

55. As amplification of deletion junctions always yielded a single band, the PCR

products were purified and sequenced.

Intron sequence analysis
Searches for interspersed repetitive elements were performed by using

the RepeatMasker program (http://repeatmasker.genome.washington.edu,

http://repeatmasker.org) run under sensitive settings (we selected ‘cross_match’

as search engine, and ‘slow’ as speed/sensitivity). Matrix attachment regions

(MARs) were identified by using the MAR-Wiz program (http://www.futuresoft.

org/modules/MarFinder/index.html). In MAR-Wiz analysis, all the rules

included in the Core MAR rules were selected. Sliding window parameters

were as follows: window width 1000, slide distance 100, cutoff threshold 0.6 and

run-length 3.

RESULTS

Sequence characterization of introns 44 and 55 in DMD
The sequences of introns 44 and 55 were first analyzed for interspersed
repetitive elements, the frequency of which was 32. 7% for intron 44
and 40.5% for intron 55 (S1, Electric Supplementary material). The
value for intron 55, but not for intron 44, was higher than the
corresponding value for the whole DMD (35.6%).14

The distribution of repetitive elements and the possible MAR sites
are schematically shown in (S2, Electric Supplementary material).
There were four regions with a cutoff threshold of more than 0.6 in
intron 44; they were the regions around nt 33 000 (average strength
0.658), nt 124 000 (0.715), nt 131 300 (0.749) and nt 174 800 (0.819).
Those regions in intron 55 were as follows: the regions around nt 4700
(0.740) and nt 35 300 (0.758). The regions around nt 1100 in intron 44
and nt 58 200 in intron 55 were also found to have a relatively high
MAR potential.

Analysis of breakpoint sequences
The sizes and breakpoints of the deletion were different in these
patients (Figure 1), but the breakpoints of patients 1 and 2 were
very close, relative to the large size of introns 44 and 55 (Figure 1).
The deletions spanned 427.6 kb (patient 1), 417.1 kb (patient 2)
and 515.5 kb (patient 3). None of the deletions affected the

promoter regions and unique exon 1 of dystrophin isoforms
Dp140 and Dp116, which are located in the introns 44 and 55,
respectively.15,16

Deletion breakpoints did not appear to be preferentially associated
with any particular type of repetitive elements, although three of the
six breakpoints were located in LINE-1 elements (S3, Electric Supple-
mentary material). The breakpoints in intron 44 in these patients
gathered in the 3¢-half of that intron (Figure 1; S2, Electric Supple-
mentary material), as pointed out earlier.6,12,13 Further the break-
points in intron 55 showed a relative clustering within a region of
approximately 10 kb (Figure 1; S2, Electric Supplementary material).
None of the breakpoints appeared to have a close association with
MAR sites.
Figure 2 shows the breakpoint sequences of the three patients

compared with 40–50bp of wild-type sequence on each side. Deletion
junctions did not share a significant homology between the sequences
adjacent to the distal and proximal end points in these patients. In
patient 1, a 12-bp triplication was found at the breakpoint. The
sequence TTTAAA, which is known to be capable of inducing a
curvature of DNA, was present near the breakpoints of both introns 44
and 55 in patient 1 (Figure 2). Short (6–9 bp) tandem repeats were
observed at or near the breakpoints in patients 1 and 2 (Figure 2).
Palindromic sequences with 6 or more base pairs were found near the
breakpoints in patient 1 (Figure 2). The 7-bp complementary
sequences that flanked the breakpoint were found in intron 44 in
patient 3.

DISCUSSION

In this report, we have precisely characterized the breakpoints in three
patients with del45–55 in DMD. We have detected no substantial
homologies between the normal DNA sequences located across the
breakpoints in introns 44 and 55. One of the breakpoints was located
in LINE-1 repetitive elements in all patients, but the other ends were
not associated with any particular repetitive elements. These observa-
tions in the patients with del45–55 are consistent with those in the
cases with other types of deletion in DMD,12–14,17–19 again supporting
that homologous recombination is not the major cause of deletions in
DMD.
Human gene deletions are induced by several mechanisms, the

relative importance of which is probably governed by local and
secondary DNA structures.20 Krawczak and Cooper20 have pointed
out that human sequences involved in deletion events often contain a
short deletion consensus sequence, TG(A/G)(A/G)(G/T)(A/C), and
are often associated with palindromic sequences. Palindromic
sequences are likely to locally induce the formation of a hairpin
loop structure in a single strand of DNA, and serve as a strong
topoisomerase II cleavage site.21,22 We have identified several con-
sensus sequences, palindromic sequences and short tandem repeats at
or near the breakpoints. These sequences may promote DNA instabil-
ity by facilitating the formation of secondary structure intermediates,
which predispose DNA to breakage and intragenic recombi-
nation.17,20,23

The deletion breakpoints were different in three patients analyzed in
this study; however, the breakpoints of patients 1 and 2 were in very
close proximity in the relatively large introns 44 and 55. The difference
of breakpoint locations between these two patients was approximately
5000 bp at both ends within introns 44 and 55. Their clinical features,
compatible with XLDCM, were very similar to each other, and
outstanding among dystrophinopathy. It is possible that the close
similarity of clinical features and molecular defects has some patho-
genic or biological significance. Some trans- or cis-acting elements that
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are involved in the sequence within or around the deleted regions may
contribute to the pathogenesis of this unique phenotype in these
patients. Accumulation of dystrophinopathy patients with del45–55
and further detailed analysis of the sequence in introns 44 and 55 will
be needed to answer this hypothesis.
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