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Mutation spectrum of the dystrophin gene in 442
Duchenne/Becker muscular dystrophy cases from
one Japanese referral center

Yasuhiro Takeshima1, Mariko Yagi1, Yo Okizuka1, Hiroyuki Awano1, Zhujun Zhang1, Yumiko Yamauchi1,
Hisahide Nishio2 and Masafumi Matsuo1

Recent developments in molecular therapies for Duchenne muscular dystrophy (DMD) demand accurate genetic diagnosis,

because therapies are mutation specific. The KUCG (Kobe University Clinical Genetics) database for DMD and Becker

muscular dystrophy is a hospital-based database comprising 442 cases. Using a combination of complementary DNA (cDNA)

and chromosome analysis in addition to conventional genomic DNA-based method, mutation detection was successfully

accomplished in all cases, and the largest mutation database of Japanese dystrophinopathy was established. Among 442 cases,

deletions and duplications encompassing one or more exons were identified in 270 (61%) and 38 (9%) cases, respectively.

Nucleotide changes leading to nonsense mutations or disrupting a splice site were identified in 69 (16%) or 24 (5%) cases,

respectively. Small deletion/insertion mutations were identified in 34 (8%) cases. Remarkably, two retrotransposon insertion

events were also identified. Dystrophin cDNA analysis successfully revealed novel transcripts with a pseudoexon created by a

single-nucleotide change deep within an intron in four cases. X-chromosome abnormalities were identified in two cases. The

reading frame rule was upheld for 93% of deletion and 66% of duplication mutation cases. For the application of molecular

therapies, induction of exon skipping was deemed the first priority for dystrophinopathy treatment. At one Japanese referral

center, the hospital-based mutation database of the dystrophin gene was for the first time established with the highest levels

of quality and patient’s number.
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INTRODUCTION

Duchenne muscular dystrophy (DMD; MIM (Online Mendelian
Inheritance in Man) no. 310200) and Becker muscular dystrophy
(BMD; MIM no. 300376) are allelic X-linked recessive diseases caused
by mutations in the dystrophin gene (MIM no. 300377). DMD is the
most frequent inherited muscle disease affecting one in every 3500
male births. DMD is characterized by a rapidly progressive disease that
is first recognized during childhood; affected individuals commonly
lose their ability to walk before they turn 12 years old. In their third
decade, they usually succumb because of either cardiac or respiratory
failure. BMD has a slower rate of progression; affected individuals
remain ambulatory beyond the age of 16 years and may lead near-
normal lives. During the infantile period, DMD/BMD can be identi-
fied in boys by a high elevation of serum creatine kinase activity, even
before muscle weakness manifests.1

The dystrophin gene located at Xp21.2 is characterized by its
enormous size (2.4Mb). It consists of 79 exons, forming a 14-kb
mRNA transcript, and lengthy introns (up to 250 kb).2 Mutation

studies on the dystrophin gene have focused on detecting deletions or
duplications of one or more exons, and multiplex PCR that amplifies
selected deletion-prone exons has been used as the most efficient
method of mutation detection.3,4 In these gross rearrangements, the
reading frame rule explains the clinical difference between DMD and
BMD at the molecular level; that is, deletions or duplications that shift
the reading frame of the dystrophin mRNA (out-of-frame) lead to the
more severe DMD phenotype, whereas the milder BMD phenotype
occurs if the reading frame is preserved (in-frame).5 This rule has been
applicable in 490% of cases.
The recent introduction of the quantitative PCR-based technique of

multiplex ligation-dependent probe amplification (MLPA), which
amplifies all 79 exons and is commercially available, has significantly
improved mutation detection of deletions or duplications.6–9 How-
ever, the identification of small mutations in the dystrophin gene
remains challenging, because of the large number of exons and the
huge size of the dystrophin gene. By combining quantitative PCR and
direct sequencing technologies, the mutation detection rate has risen
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to 98% of DMD cases (106/108 total cases).10 In spite of technological
advances in mutation analysis, a complete mutation spectrum has not
been established in a large cohort, leaving some percentage of cases
undiagnosed,11 and the dystrophin gene remain uncharacterized in
some percentage of cases.12

Identifying a dystrophin mutation in all cases would permit a
clinical diagnosis as the basis for proper genetic counseling, and is
also a precondition for future molecular therapies, such as correction
of the reading frame shift by induction of exon skipping, or suppres-
sion of nonsense mutation during translation.13–15 In Japan, however,
there is no large-scale database for mutations of dystrophinopathy.
Strategies for molecular therapies or for comprehensive molecular
testing remain undefined.
In this study we described the complete mutation spectrum of 422

Japanese DMD/BMD cases and propose strategies for molecular
therapies and genetic testing.

MATERIALS AND METHODS

Patients
Japanese DMD/BMD male patients from all of Japan (although mainly from

the West) were referred to Kobe University Hospital, Kobe, Japan, for their

molecular diagnosis. The KUCG (Kobe University Clinical Genetics) database

for dystrophinopathy is the hospital based-database and was completed by

identifying mutations in all dystrophinopathy case as of May 2009. This is the

largest Japanese dystrophinopathy database, including 530 patients from 442

families. To abolish bias in counting the incidence of mutations, we only

included one case per unrelated family in this report. Among 442 cases, 356 or

86 were clinically diagnosed with DMD or BMD, respectively, because of their

symptoms or muscle biopsy findings. Extensive mutation analysis of the

dystrophin gene was conducted on the supposition that a responsible mutation

should be identified in every dystrophinopathy case. In some cases, muscle

biopsy was conducted for immunohistochemical examination and dystrophin

complementary DNA (cDNA) was analyzed as previously reported.16–18

Informed consent was obtained for molecular analysis and this study was

approved by the ethics committees of Kobe University School of Medicine

(approval no. 28 in 1998).

Methods
Our strategies for the detection of mutations in the dystrophin gene changed

over time.16,17,19,20 In brief, genomic DNA (gDNA) was first analyzed to detect

deletion or duplication of one or more exons. If no responsible gross mutation

was identified, muscle biopsies were obtained for dystrophin immunostaining

to confirm the diagnosis.18 Dystrophin mRNA extracted from lymphocytes or

muscle tissue was analyzed using reverse transcription PCR.16,17

Analysis of gDNA
Peripheral blood samples were obtained from the patients and their family

members. gDNA was isolated using standard phenol–chloroform extraction

methods. At the beginning of this study, Southern blot analysis using dystro-

phin cDNA as a probe was performed with HindIII restriction enzyme-digested

DNA as a template, as described previously.21,22 Later, this time-consuming and

laborious method was abandoned. In most of cases, multiplex PCR that

amplified deletion-prone 19 exons was used for the first line of mutation

detection,3,4 followed by the second-line method of the Southern blotting.21

When no responsible gross mutation was identified, in some cases all 79 exons

were PCR amplified from gDNA and subjected to direct sequencing as

previously described.23,24 In cases in which no responsible mutation could be

detected, the dystrophin cDNA was analyzed.16 As a final step, chromosomal

analysis was conducted (Mitsubishi Medience, Tokyo, Japan).

Currently, MLPA (SALSA MLPA KIT P034/035 DMD/Becker; MRC-Holland,

Amsterdam, The Netherlands) is our first-line method to identify mutations in

the dystrophin gene,20 because this allows detection of deletions or duplications

in all 79 exons. This analysis was conducted by Mitsubishi Medience. In cases

with loss of a single exon by MLPA, the exon structure was examined by another

method before concluding that there is a single-exon deletion, because small

mutations have been found to disturb MLPA amplification.20

Analysis of dystrophin mRNA
Reverse transcription PCR was used to analyze the dystrophin mRNA expressed

in lymphocytes or skeletal muscle as previously described.16,25 Full-length

dystrophin cDNA was amplified as 10–20 separate, partially overlapping

fragments and the amplified products were sequenced. When mutations were

identified in cDNA, they were confirmed in gDNA by PCR amplification and

direct sequencing of the corresponding genomic region. In cases with deep

intron mutations, ambiguous insertions were identified in their cDNA

sequence. Subsequently, genomic mutations leading to the pseudoexon inclu-

sion were analyzed by direct sequencing of gDNA.

Sequencing of the amplified products
The amplified products were purified and sequenced either directly or after

subcloning into a pT7 blue T vector (Novagen, Madison, WI, USA).23 The

DNA sequence was determined using an automated DNA sequencer (model

373A; Applied Biosystems, Foster City, CA, USA).

Nucleotide numbers for all the mutations were designated according to the

cDNA reference sequence in GenBank, accession number NM_004006.1

(RefSeq NM_004006.1), in which the ‘A’ of the start codon is nucleotide 1.

Genotype–phenotype correlation
Because the reading frame rule is thought to explain the phenotype,5 this was

examined in all cases. When the exact size of the deletion or duplication was

known, the resulting reading frame was designated as out-of-frame or in-frame.

For phenotype classification, DMD was diagnosed when cases became wheel-

chair-bound by the age of 12 years or when dystrophin deficiency was detected

on muscle biopsy. BMD was diagnosed when cases could walk unsupported

above the age of 13 years.

RESULTS

In this study, all dystrophinopathy cases referred to the Kobe Uni-
versity Hospital for mutation analysis of the dystrophin gene were
shown to have a responsible mutation, establishing the KUCG
database. Mutations were identified in 442 DMD and BMD cases
(Figure 1a), which included 260 different mutations.
Among the 442 mutation events, 270 (61%) and 38 (9%) were large

deletions or duplications of one or more exons, respectively. In other
words, large deletions and duplications were observed in 308 cases
(70%). The ratio of duplication to deletion was 0.14 (38/270), with
deletion being seven times more common than duplication. This
indicates that deletion and duplication are not reciprocal events.
Nonsense mutations were identified in 69 cases (16%). Mutations
disrupting the splice site consensus sequences were detected in 24 cases
(5%). Small deletions/insertions (one to several hundreds nucleotides)
were identified in 34 cases (8%). Interestingly, four deep intron
mutations that created pseudoexons with novel splicing consensus
sequences were identified in four cases (1%) using dystrophin cDNA
analysis. Chromosomal abnormalities were detected in two cases
(0.5%). In one BMD case, a splicing abnormality was identified,
although no responsible genomic change was evident.26 It seems that
the frequency of these mutations differed depending on the pheno-
typic group, as shown in Figures 1b and c. A high frequency (67%) of
large deletion is observed in BMD cases when compared with DMD
cases (60%), whereas nonsense mutations represent only 3% of the
mutations in BMD cases when compared with 19% in DMD cases.

Large deletions and duplications
Large deletions of one or more exons were identified in 270 cases
(Figure 1). The deletion patterns were categorized into 104 patterns
(Figures 2a and b), in which 5 patterns were observed in both DMD
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and BMD (deletions of exons 3–7, 10–44, 43, 44 and 45). The most
common pattern was in-frame deletion of exons 45–47, which was
found in 12 cases (4.4%); all were BMD (Figure 2b). The second most
common pattern was out-of-frame deletion of exons 45–52, 48–50 or
the single exon 52; each was found in 11 cases and all of these were
DMD (Figure 2a). The largest deletion encompassed exons 1–59, and
was found in one case (KUCG no. 513). A single-exon deletion was
the most frequently observed pattern, representing 19 patterns among
65 cases. After exon 52 deletion, the second most common single-exon

deletion was of exons 44 or 45, both of which were identified in 10
cases (9 DMD and 1 BMD cases with exon 44 deletion, and 8 DMD
and 2 BMD cases with exon 45 deletion). Deletions were found to
cluster in proximal or distal hotspots (Figure 2). Deletions starting in
the distal hotspot (exons 45–55) represented 65% (175/270) of the
identified deletions, whereas deletions starting in the proximal hotspot
(exons 2–20) accounted for only 26% (69/270). Intron 44 was by far
the most frequently involved in deletion breakpoints, preferentially as
a starting breakpoint.
Large duplications were identified in 38 cases (9%) and their

duplication patterns were categorized into 31 patterns, in which
duplication of exon 2 was observed in both DMD and BMD (Figures
3a and b), indicating considerable heterogeneity among the duplica-
tion mutations. Out of 31 patterns, 27 were observed only once,
whereas 4 were repeated duplication events. Duplication of exon 2 was
the most common, observed in four cases (two DMD and two BMD
cases). The second most common duplication was that of exons 3–7,
found in three DMD cases. Single-exon duplication was observed in
six patterns and the largest duplication stretched from exons 3–43. It is
noteworthy that the duplicated regions were not in tandem but
separated into two regions in two different patterns (the ninth and
eleventh lines in Figure 3a).27 The duplicated exons were distributed
across the dystrophin gene and the proximal hotspot was more
frequently duplicated than the distal hotspot with deletion mutations
(Figures 2 and 3).
Analysis of the breakpoint distribution pattern in the dystrophin

gene identified differences between the deletion and duplication
mutation events (Figures 2 and 3). Deletion breakpoints were clustered
in a few introns in the distal deletion hotspot, whereas they were more
disseminated in the proximal region in accordance with the observed
higher diversity among duplication events. Exon deletions involved
multiple exons with a mean and median of 5.9 and 4 exons,
respectively, whereas those for exon duplication were 10.0 and 5
exons, respectively. A greater variability in deletion length was asso-
ciated with the proximal hotspot, in which more than 10 exons were
frequently deleted.

Nonsense mutations
Nonsense mutations represented 16% of all the mutations (69/442)
and were the second most common category (Figure 1a). These 62
patterns of single-nucleotide changes were dispersed across the dys-
trophin gene (Table 1), and 18 were novel (26%). Most were unique
but c.5899C4T was found in three cases, and c.2365G4T,
c.4729C4T, c.8608C4T, c.9568C4T and c.10108C4T were found
in two cases each (Table 1). Among these six repeated nonsense
mutations, five, including c.5899C4T, were CGA to TGA mutations.
In fact, CGA to TGA transitions comprised nearly a quarter of
nonsense mutations (18/69 cases; Table 1). This is because the CpG
site is vulnerable to deamination, in which C is replaced by T.28,29 The
CGA codon is found 29 times in the dystrophin gene, and 12 of them
(41%) were found to be mutated to TGA in this study. Although
nonsense mutations usually cause DMD, three nonsense mutations
were identified in the milder, BMD cases (4%) (Table 1). Two were
found to produce in-frame dystrophin mRNA with skipping of
the nonsense-containing exon,17,30 and the other was present in the
C-terminal region.31

Deep intron mutations
In all, four deep intron mutations, located at least 285 bp from an
intron/exon junction, were identified (Figure 4). These would not have
been identified by conventional gDNA analysis that merely analyzes

Figure 1 (a–c) Full spectrum of mutations identified in the dystrophin gene

among Japanese dystrophinopathy cases. (a) Distribution of mutations in

442 dystrophinopathy cases. Gross changes in gDNA were detected by PCR,

Southern blotting or multiplex ligation-dependent probe amplification

(MLPA) analysis. After this step, deletions and duplications encompassing one

or more exons were identified in 270 (61%) and 38 cases (9%), respectively.

For the second-line analysis, dystrophin cDNA or exons and intron/exon
boundaries of gDNA were sequenced. Nonsense mutations were found in 69

cases (16%). Splice site mutations and small insertion/deletion mutations

from 1 to 606bp long were identified in 24 (5%) and 34 cases (8%),

respectively. In four cases (1%), dystrophin cDNA analysis identified novel

transcripts with a pseudoexon created by a single nucleotide change deep into

an intron. X-chromosome abnormalities were identified in two cases (0.5%).

Distribution of mutations in 356 DMD cases (b) and 86 BMD cases (c).
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intron/exon boundaries. In these cases, reverse transcription PCR of
dystrophin mRNA showed larger amplified products than expected,
and sequencing of the products revealed that additional exonic
sequence that matched part of an intron was inserted between
authentic exons (Figure 4). In one BMD case (KUCG no. 9597),
a thymine 5590 bp into intron 2 was replaced with an adenine. This
resulted in a splice acceptor consensus sequence and a novel 132-bp
exon was included between exons 2 and 332 (Figure 4a). In another
DMD case (KUCG no. 465), a cytosine 843 bp upstream of exon
28 was replaced with an adenine, producing the consensus splice
donor site. Therefore, a novel 119-bp exon was created and incorpo-
rated into the dystrophin mRNA (Figure 4b). The other two cases
(KUCG nos. 290 and 857) also had single-nucleotide changes deep
into an intron 285 or 2714bp from an intron/exon boundary,
respectively, which created splice donor sites. In these cases, pseu-
doexons (58 and 121 bp long, respectively) were inserted between
authentic exons (Figures 4c and d). Insertions of out-of-frame

pseudoexons resulted in DMD in KUCG no. 857. However, KUCG
no. 290, who also had an insertion of an out-of-frame pseudoexon,
showed a BMD phenotype because mRNA without the pseudoexon
was also transcribed.

Splice site mutations
Nucleotide changes disrupting the splice site consensus sequence were
shown to produce abnormal transcripts in 24 cases (Table 2). Among
24 splice site mutations, 22 were single-nucleotide changes and the
other two were a 2-bp insertion and 8-bp deletion, each found in one
case. The most common nucleotide change was a G-to-A change at
the first intronic nucleotide; this was found in different introns of five
cases. A nucleotide change at the first or last nucleotide of an intron
was identified in 11 cases, accounting for 46% of all splice site
mutations. Mutations at the splice donor site were more common
than those at the splice acceptor site (17 vs 7 cases). In this study, no
mutations were identified at the branch point. The splicing pathway

Figure 2 Patterns of exon deletion in DMD (a) and BMD cases (b). Exon deletions were categorized into 104 patterns. Deleted exon regions are represented

by horizontal bars; filled or shaded bars represent out-of-frame or in-frame deletions, respectively. On the bottom line, exons are numbered 1–79. The

number at the end of each bar represents the number of cases with an identical deletion, whereas no number means that the deletion is unique. Asterisks

indicate the deletion mutations that could result in both DMD and BMD phenotypes. Deletions were clustered in two hotspots: nearly 1/3 were in the

proximal region of the gene extending from exons 2 to 20 and the other 2/3 were in the central region extending from exons 45 to 55 in both DMD and

BMD cases.
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affected by these mutations differed from mutation to mutation.33

Exon skipping was occurring in 12 cases. Cryptic splice site activation
occurred in 12 cases, and in 3 cases both exon skipping and cryptic
splice site activation occurred.

Other mutations
Thirty four small mutations, ranging from 1 to 606 bp, were identified
(Table 3) and all were unique. Their locations were dispersed and no
clustering was identified. Deletions ranging from 1 to 52 bp were
identified in 25 cases. Insertions ranging from 1 to 606 bp were
identified in nine cases. Two insertions, which were 606 bp within
exon 44 and 325 bp within exon 67, respectively, were found to be
identical in DNA sequence to retrotransposons.34

In one BMD case a splicing error was detected, although there was
no mutation in the gDNA (KUCG no. 338 in Table 4).26 Two
previously unreported chromosomal abnormalities were found, once
each (Table 4).
The frequency of small mutation identification was examined in all

exons and their neighboring introns. Small mutations were identified
six times in exon 44, and five times each in exons 8, 34 and 70. The
length of exons 8, 34, 44 and 70 was 182, 171, 148 and 137 bp,
respectively; that is, both longer and shorter than the mean dystrophin
exon length of 143 bp, and hence the high mutation frequency in these
exons does not reflect exon length. This suggests an unknown
mutagenic susceptibility within these exons.

Genotype–phenotype correlations
The reading frame rule was examined in these deletion cases (Figure 2).
Out of 270 cases, 252 complied with the reading frame rule (93.3%),
whereas 18 cases (6.7%) did not: 9 DMD cases possessed an in-frame
deletion (Figure 2a) and 9 BMD cases showed an out-of-frame
deletion (Figure 2b). The exception to the rule was observed more
frequently in BMD (15.5%) than in DMD (4.2%). It is remarkable
that identical deletions could result in two different phenotypes; 3 out
of 9 cases with exons 3–7 deletions, 2 out of 3 cases with exon 43
deletions, 1 out of 10 cases with exon 44 deletions and 2 out of 10
cases with exon 45 deletions show mild phenotype in spite of out-of-

frame deletion, and 1 out of 2 cases with exons 10–44 deletions show
severe phenotype in spite of in-frame deletion.
Among duplication mutations, 25 complied with the reading frame

rule (65.8%) but 13 did not (34.2%): 7 DMD cases showed an in-
frame duplication (Figure 3a) and 6 BMD cases had an out-of-frame
duplication (Figure 3b). The incidence of cases that did not fit with
the reading frame rule was higher among duplications (34.2%) than
among the deletion mutations (6.7%). Dual phenotypes with an
identical duplication were observed for exon 2 duplication.

DISCUSSION

In this study, pathogenic mutations in the dystrophin gene were
successfully identified in all 442 Japanese DMD/BMD cases (Figure 1),
and 49 (39%) of the identified small mutations were novel (Tables 1–3).
This has enabled all Japanese dystrophinopathy cases to receive a
proper diagnosis or genetic counseling and will also expedite the
application of mutation-specific molecular therapies. The KUCG
database is one of the largest mutation databases constructed at a
single institute and is characterized by its high quality, because all the
dystrophin mutations were identified and confirmed within one
institute under a single principal investigator, and the clinical data
from all patients are regularly updated at follow-up visits to the
outpatient clinic.
Several mutation studies analyzing more than 100 DMD/BMD

cases have been reported in the literature. The largest institutional
database reported was from Italy; that database contained 506 cases,
but some cases remained for which no dystrophin mutation had been
identified.35 The KUCG database is the second-largest institutional
database, but the first completed mutation database. Even in small-
scale studies, the mutation detection rate has previously only reached
up to 96% of examined cases.10,11,36,37 It was believed that a causative
mutation in the dystrophin gene could not be identified in approxi-
mately 1 to 2% of DMD/BMD patients.12 In contrast to previous
studies, our perfect mutation detection rate became possible by
conducting dystrophin cDNA or chromosomal analysis. Without
these analyses, our mutation detection rate decreased by nearly 2%,
that is, down to the previously accepted detection rate.12 We propose

Figure 3 Patterns of exon duplication in DMD (a) and BMD cases (b). Exon duplications were categorized into 31 patterns from 38 cases. Bars represent the

location of duplicated exons and filled and shaded bars represent out-of-frame or in-frame duplications, respectively. On the ninth and eleventh lines from

the top in a, dotted lines indicate normal exons between separated duplications (duplication of exons 45–48 and 55–63, and exons 19–31 and 45–51,

respectively). The number at the end of each line represents the number of cases with an identical duplication, whereas no number means that the

duplication is unique. Asterisks indicate the duplication mutations that could result in both DMD and BMD phenotypes.
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that similarly extensive mutation analysis should be performed to
identify the responsible mutation when dystrophin deficiency has been
confirmed.
An existing locus-specific database for dystrophinopathy in Leiden

focuses on mutations that have been either reported in the literature
or directly submitted to the database.38 Because of the involvement of
multiple submitters, the data quality is not homogeneous and analyses
could be biased. The French database (UMD-DMD France), contain-
ing 2084 independent mutations in dystrophin, has been established
by collaboration with several institutes, and the quality of UMD-DMD
France is guaranteed by curators.29

For a long time, multiplex PCR examining selected deletion-prone
exons has been used as the mutation screening method of choice for
the dystrophin gene. Our results indicate that using MLPA to examine
all 79 exons for deletion or duplication mutations allows mutation
detection in 70% of Japanese DMD/BMD cases (Figure 1). In
addition, MLPA has been shown to detect small mutations.20 MLPA
is considered to be the most powerful single technology to identify
mutations in the huge dystrophin gene, and should be used as the
first-line mutation detection method for the dystrophin gene in
Japanese dystrophinopathy. In contrast, in Taiwan, which is geogra-
phically near to Japan, MLPA analysis identified a lower incidence of
deletions and a higher incidence of duplications (deletion and
duplication mutations were found in 36.0 and 24.7% of 89 DMD/
BMD patients, respectively39), compared with other reports that show
60% and 5–10%, respectively.6,8,40 Although differences in ethnicity
should be taken into account, MLPA remains the first line in mutation
detection in dystrophinopathy.6–9

A total of four deep intron mutations were identified at least 285bp
from the exon/intron boundary; this was possible only because we used
detection of novel dystrophin mRNA (Figure 4). This analysis provided
1% of detected mutations, and facilitated our perfect mutation detection
rate. Therefore, we suggest that it is necessary to analyze dystrophin
mRNA to complete the mutation analysis, even when the dystrophin gene
is apparently normal. Deep intron mutations have previously been
identified in three cases, and their potential to be treated by exon skipping
strategies was examined. Because the completely normal 79 exons of the
dystrophin gene were maintained in these cases, induction of pseudoexon
skipping would be expected to result in completely normal expression of
dystrophin, the ultimate goal of dystrophinopathy treatment.41 Our cases
can now be tested for any potential to be treated by exon skipping.

Table 1 Nonsense mutations detected in dystrophinopathy cases

KUCG no. Disease Exon DNA change Protein change

58 DMD 5 c.354G4A p.Trp118X

571 DMD 5 c.355C4T p.Gln119X

412 DMD 6 c.433C4T p.Arg145X

5 DMD 7 c.580C4T p.Gln194X

272 DMD 8 c.686T4A p.Leu229X

65 DMD 8 c.724C4T p.Gln242X

306 DMD 8 c.754G4T p.Glu252X

377 DMD 10 c.1062G4A p.Trp354X

171 DMD 10 c.1087C4T p.Gln363X

9642 DMD 11 c.1324C4T p.Gln442X

6 DMD 12 c.1474C4T p.Gln492X

454 DMD 14 *c.1684C4T p.Gln562X

496 DMD 15 c.1793C4G p.Ser598X

582 DMD 17 *c.2047G4T p.Glu683X

264 DMD 17 *c.2089A4T p.Lys697X

102 DMD 18 c.2236G4T p.Glu746X

78 DMD 19 c.2302C4T p.Arg768X

85 DMD 19 c.2365G4T p.Glu789X

482 DMD 19 c.2365G4T p.Glu789X

847 DMD 20 c.2419C4T p. Gln807X

203 DMD 20 c.2449C4T p.Gln817X

809 DMD 21 *c.2677C4T p.Gln893X

9695 DMD 21 c.2776C4T p.Gln926X

326 DMD 23 c.3151C4T p.Arg1051X

9625 DMD 26 *c.3472A4T p.Lys1158X

54 DMD 26 c.3562A4T p.Lys1188X

28 DMD 26 c.3580C4T p.Gln1194X

9565 BMD 27 c.3631G4T p.[Glu1211X,

Arg1202_Glu1262del]**

522 DMD 28 *c.3795G4A p.Trp1265X

797 BMD 31 c.4303G4T p.[Glu1435X,

Lys1412_Gln1448del]**

509 DMD 32 c.4375C4T p.Arg1459X

594 DMD 32 c.4384C4T p.Gln1462X

877 DMD 32 c.4414C4T p.Gln1472X

652 DMD 33 *c.4527T4G p.Tyr1509X

517 DMD 33 *c.4666G4T p.Gly1556X

754 DMD 34 *c.4687A4T p.Lys1563X

44 DMD 34 c.4729C4T p.Arg1577X

539 DMD 34 c.4729C4T p.Arg1577X

52 DMD 34 c.4757G4A p.Trp1586X

4 DMD 36 c.5044G4T p.Glu1682X

148 DMD 38 c.5350G4T p.Glu1784X

577 DMD 39 c.5551C4T p.Gln1851X

225 DMD 41 c.5899C4T p.Arg1967X

501 DMD 41 c.5899C4T p.Arg1967X

651 DMD 41 c.5899C4T p.Arg1967X

593 DMD 42 c.5985T4G p.Tyr1995X

30 DMD 43 c.6283C4T p.Arg2095X

147 DMD 44 c.6423C4A p.Tyr2141X

185 DMD 44 *c.6432T4A p.Tyr2144X

341 DMD 47 c.6805C4T p.Gln2269X

9584 DMD 47 *c.6862C4T p.Gln2288X

700 DMD 50 *c.7255G4T p.Glu2419X

456 DMD 53 *c.7817G4A p.Trp2606X

475 DMD 53 *c.7855A4T p.Lys2619X

314 DMD 57 c.8420G4A p.Trp2807X

643 DMD 57 c.8460G4A p.Trp2820X

550 DMD 58 c.8608C4T p.Arg2870X

9627 DMD 58 c.8608C4T p.Arg2870X

Table 1 Continued

KUCG no. Disease Exon DNA change Protein change

9655 DMD 59 *c.8746G4T p.Glu2916X

720 DMD 62 *c.9216C4G p.Tyr3072X

514 DMD 66 c.9568C4T p.Arg3190X

724 DMD 66 c.9568C4T p.Arg3190X

445 DMD 68 *c.9851G4A p.Trp3284X

478 DMD 68 *c.9913G4T p.Glu3305X

703 DMD 70 c.10108C4T p.Arg3370X

852 DMD 70 c.10108C4T p.Arg3370X

888 DMD 70 c.10141 C4T p.Arg3381X

401 DMD 70 c.10171C4T p.Arg3391X

9622 BMD 76 c.10873C4T p.Gln3625X

Abbreviations: BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; KUCG,
Kobe University Clinical Genetics.
Asterisks indicate novel mutations that have not been previously reported in the Leiden
Muscular Dystrophy database (updated 23 December 2009) (http://www.dmd.nl/), and double
asterisks indicate nonsense mutations that resulted in splicing abnormalities (r.[3631g4u,
3604_3786del]) in KUCG no. 9565 and (r.[4303g4u, 4234_4344del]) in KUCG no. 797.
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In contrast to the deletions and duplications, which were localized
within two hotspots, nonsense mutations were detected throughout
the gene, with 30.4% (21), 30.4% (21), 24.6% (17) and 14.5% (10) in

the first (exons 1–20), second (exons 21–40), third (exons 41–60) and
fourth (exons 61–79) quartiles of the dystrophin gene, respectively.
Although nonsense mutations were detected in 16% of all cases in

Figure 4 Deep intron mutations. Four deep intron mutations are schematically described. Boxes and lines represent exons and introns, respectively. The
shaded boxes represent pseudoexons. Numbers in the open boxes indicate the exon number of the dystrophin gene, and the size of the pseudoexon is

indicated above the shaded box. Two to five nucleotides adjacent to the pseudoexons are shown on the intron lines, and the mutated nucleotides are shown

by vertical arrows. The upper and lower horizontal square brackets indicate distance from the intron/exon border and intron size, respectively. (a) In a BMD

case (KUCG no. 9597), a novel splice site was created and a 132-bp exon was created and incorporated into the mRNA. (b) In a DMD case (KUCG no.

465), a novel splice site was created and a 119-bp exon was created and incorporated into the mRNA. (c) In a BMD case (KUCG no. 290), a novel splice

site was created, and a 58-bp exon was created and incorporated into the mRNA. (d) In a DMD case (KUCG no. 857), a novel splice site was created, and a

121-bp exon was created and incorporated into the mRNA.

Table 2 Splice consensus site mutations in dystrophinopathy cases

KUCG no. Disease Intron DNA change RNA change

641 DMD 4 *c.264+2_264+3insGT r.264_265insgu

712 DMD 11 *c.1329_1331+5delCAAGTAAG r.[1150_1331del, 1150_1482del]

9602 BMD 13 c.1602G4T r.1483_1602del

557 BMD 13 *c.1603-1G4T r.[1603_1612del, 1603_1704del, 1603_1812del, 1603_1992del, 1603_2168del]

294 DMD 17 c.2168+1G4C r.1993_2168del

9582 BMD 20 *c.2622G4C r.[2622g4c, 2603_2622del]

682 DMD 20 c.2622+1G4A r.2603_2622del

109 BMD 20 c.2623-2A4G r.[2622_2623ins2623-7_2623-1; 2623-2a4g, 2622_2623ins2623-6_2623-1;

2623-2a4g, 2623_2629del]

687 DMD 21 *c.2804-2A4G r.2803_2804insg

194 BMD 24 *c.3276+2T4G r.[3276_3277ins3276+1-3276+39; 3276+2u4g, 3276_3277ins3276+1�3276+39;

3276+2u4g; 3277_3432del]

293 BMD 25 c.3432+1G4A r.3277_3432del

739 BMD 29 c.4071+1G4C r. 3787_4071del

329 DMD 32 c.4518+5G4A r.[4518_4519ins4518+1_4518+28; 4518+5g4a, 4421_4518del]

154 BMD 42 *c.6117G4A r.[5923_6117del, 6117_6118ins6117+1_6117+35; 6117g4a]

684 DMD 43 *c.6291-1G4A r.6291_6438del

421 DMD 44 *c.6438+2T4A r.spl?

701 DMD 45 *c.6614+1G4A r.6583_6614del

391 DMD 45 *c.6615-2A4T r.spl?

699 DMD 56 *c.8391-1G4A r.[8391delg, 8391_8547del]

715 DMD 58 *c.8669-1G4C r.8669_8670delag

220 DMD 65 c.9563+1G4A r.spl?

9666 DMD 66 c.9649+2T4C r.9564_9649del

9629 DMD 66 c.9649+5G4T r.9564_9649del

775 DMD 70 c.10223+1G4A r.10087_10223del

Abbreviations: BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; KUCG, Kobe University Clinical Genetics.
Asterisks indicate the novel mutations that have not been previously reported in the Leiden Muscular Dystrophy database (updated 23 December 2009) (http://www.dmd.nl/).
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Japan, reports from outside Japan have described lower nonsense
mutation rates up to 13.2%.10,29,42 The rate of nonsense mutation is
high among the Japanese. This may be because of a difference in the
effort expended in finding nonsense mutations in these reports.

It has been reported that one nonsense mutation at a CpG site in
exon 59 (c.8713C4T; p.R2905X) was detected in six patients with
different haplotypes,28 and this mutation has been reported from
several countries, suggesting that c.8713C4T is a hotspot for muta-
tion. In this study, however, no case showed this point mutation. In
contrast, in the Japanese, the most common nucleotide change was
c.5899C4T, which was found in three cases (Table 1). Interestingly,
c.5899C4T has been once detected in the United States.28 In Taiwan,
which is geographically near to Japan, c.10108C4T was identified
three times among 14 nonsense mutation cases,42 and this mutation
was identified twice in our study. These findings suggest an ethnic
difference in the mutability of CpG sites, involving the rate of
demethylation or features of the chromatin structure.
Although the enormous dystrophin gene has huge introns that have

accumulated retrotransposon insertions, this has rarely been shown to
cause disease.43 In our series, two retrotransposon insertions were
found.34 Their identification was because of the elongation of exon
size, which made PCR amplification difficult, and could have resulted
in misdiagnosis as a single-exon deletion. Therefore, we propose
that supposed single-exon deletion cases should be examined in
more detail.
Although the reading frame rule is thought to explain the pheno-

type,5 18 out of 270 cases with deletion (6.7%) and 13 out of 38 cases
with duplication (34.2%) did not fit with the reading frame rule
(Figures 2 and 3). Furthermore, identical mutations could result in
two different phenotypes; deletions of exons 3–7, 10-44, 43, 44 and 45,
and duplication of exon 2. In-frame deletions starting in the actin-
binding domain or disrupting the cysteine-rich domain resulted in
DMD phenotype because of the lack of binding sites with dystrophin-
associated proteins. Other mechanisms may have a role in modulating
the clinical severity, including recoding mechanism and unusual
splicing.29

We examined the applicability for molecular therapies among the
260 different mutations identified in DMD/BMD (Table 5). Nonsense
suppression therapy has been studied and a compound named
PTC124 is now in clinical trials to treat DMD cases caused by a
nonsense mutation.15 This treatment could be applied to 66 cases with
nonsense mutations in our study (19% of DMD cases). Induction of
exon skipping that corrects out-of-frame to in-frame has been
proposed as a highly plausible method for DMD treatment, and the
first clinical trial has been conducted in Japan.13,44 The applicability of
this technology was examined in the KUCG database. The greatest
number of treatable cases with one antisense oligonucleotide was 40,
which could be treated by skipping of the single exon 51. In fact, exon

Table 3 Small insertion/deletion mutations from 1 to 606

nucleotides in dystrophinopathy cases

KUCG

no. Disease Exon DNA change Protein change

212 BMD 2 c.53delA p.Lys18ArgfsX8

39 DMD 5 c.280delA p.Ile94LeufsX7

723 BMD 8 c.676_678delAAG p.Lys226del

726 DMD 8 c.783dupT p.Lys262X

499 DMD 12 *c.1373_1374delAA p.Lys458ArgfsX4

231 DMD 12 *c.1376_1377delAG p.Glu459ValfsX3

728 BMD 14 *c.1627delA p.[Ile543SerfsX40,

Val535_Gln664del]

277 DMD 15 *c.1773delA p.Asp592IlefsX15

9600 DMD 19 c.2327_2378del52 p.Ala765ArgfsX15**

434 DMD 25 c.3347_3350delAGAA p.Lys1116MetfsX36

579 BMD 27 *c.3613delG p.[Glu1205LysfsX10,

Arg1202_Glu1262del]**

492 DMD 27 *c.3766_3767insT p.Gly1256ValfsX15

818 DMD 28 *c.3908_3909delCT p.Ser1303X

245 DMD 29 *c.3959delC p.Pro1320GlnfsX11

307 DMD 30 *c.4231dupC p.Gln1411ProfsX6

795 DMD 33 c.4536-4540delGAGTG p.Lys1516X

505 DMD 34 *c.4729delC p.Arg1577GlufsX4

764 DMD 36 *c.5071dupA p.Ile1691AsnfsX9

673 DMD 36 c.5140delG p.Glu1714LysfsX7

414 BMD 38 c.5434_5437delTTCA p.Ala1776_Met1816del**

436 DMD 39 *c.5561delT p.Leu1854TyrfsX11

781 DMD 44 *c.6430dupT p.Tyr2144LeufsX3

9601 DMD 44 c.6435_6436delins606 p.Arg2098AsnfxX16**

512 DMD 45 *c.6613dupA p.Arg2205LysfsX18

404 DMD 49 *c.7128delA p.Gln2376HisfsX24

638 DMD 50 *c.7221_7227delCTCTGAG p.Ser2408GlyfsX4

342 DMD 52 *c.7654delG p.Asp2552IlefsX24

836 DMD 59 *c.8733delC p.Asn2912IlefsX7

761 DMD 63 c.9262delA p.Met3088X

732 DMD 67 c.9657_9658ins325 p.Tyr3217CysfsX2**

289 DMD 71 c.10224dupT p.Pro3409SerfsX24

702 BMD 74 c.10453delC p.Leu3485X

441 DMD 74 c.10498_10499delAG p.Ser3500X

9696 DMD 74 c.10498_10499delAG p.Ser3500X

Abbreviations: BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; KUCG,
Kobe University Clinical Genetics.
Asterisks indicate the novel mutations that have not been previously reported in the Leiden
Muscular Dystrophy database (updated 23 December 2009) (http://www.dmd.nl/), and double
asterisks indicate small deletion/insertion mutations that resulted in splicing abnormalities
(KUCG no. 9600: r.2293_2380del, KUCG no. 579: r.[3613delg, 3604_3786del], KUCG no.
414: r.5326_5448del, KUCG no. 9601: r.6291_6438del and KUCG no. 732: r.9650_9807del).

Table 5 Applicable cases for molecular therapies

Molecular therapies Applicable cases

Nonsense suppression 66 (19%)

Skipping of

Exon 51 40 (11%)

Exon 53 39 (11%)

Exon 45 31 (9%)

Exon 44 14 (4%)

Exon 8 12 (3%)

Exon 43 10 (3%)

Exon 52 10 (3%)

Exon 55 10 (3%)

Table 4 Cases with chromosomal abnormalities and splicing errors

without any mutation in genomic DNA

KUCG no. Disease Mutation

233 DMD del(X)(p21.2-3)

481 DMD inv(X)(p21.2q28)

338 BMD c.¼(r.10224_10553del)

Abbreviations: BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; KUCG,
Kobe University Clinical Genetics.
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51 skipping treatment has already been clinically tested in Europe.14

Skipping of exon 53 would produce an in-frame transcript in 39 DMD
cases. In total, single-exon skipping could be applied to the treatment
of 173 cases with 58 patterns of deletion. Skipping of two or three
exons could be applied to 27 and 1 case, respectively. It seems therefore
that induction of exon skipping is the most applicable molecular
therapy for the treatment of DMD. However, it is noteworthy
that dual phenotypes can result from one identical deletion (Figures
2a and b), and this must be considered when assessing the potential
effects of the treatment. With exon skipping treatment, the most
effective results would be expected for the four deep intron mutations
(Figure 4), because expression of a completely normal dystrophin
transcript could be induced.
The best strategy for comprehensive dystrophin gene testing has

long been debated. A balance must be found between the need to
obtain definitive results and the effort required to perform a compre-
hensive analysis of heterogeneous mutations in the large dystrophin
gene.10 Recently, one analytical method has been shown to identify
mutations in the dystrophin gene in 98% of DMD cases.37 This is very
useful but is still not perfect in identifying all mutations. From our
results, it is possible to define a strategy that will be useful in
prioritizing cases for various stages of dystrophin gene mutation
analysis and will maximize the benefits of comprehensive mutation
analysis for dystrophinopathy (Figure 5). In this strategy, MLPA
analysis should be used first, to detect 70% of the mutations
(step 1). Second, direct sequencing of the four exons 8, 34, 44 and
70 (which each contained small mutations in five or six cases; Tables
1–3) should be conducted to reveal mutations in a further 4.5% of
cases (step 2). Thereafter, muscle biopsy should be conducted to
confirm the diagnosis and obtain dystrophin mRNA for sequence
analysis. Dystrophin cDNA analysis is expected to reveal mutations in
25% of cases (step 3). Finally, chromosome analysis would complete
the mutation analysis (step 4), enabling mutation detection in all
dystrophinopathy cases.
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