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Multiexon Skipping Leading to an Artificial DMD
Protein Lacking Amino Acids from Exons 45
Through 55 Could Rescue Up to 63 % of Patients
With Duchenne Muscular Dystrophy
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Communicated by Haig H. Kazazian

Approximately two-thirds of Duchenne muscular dystrophy (DMD) patients show intragenic deletions ranging
from one to several exons of the DMD gene and leading to a premature stop codon. Other deletions that
maintain the translational reading frame of the gene result in the milder Becker muscular dystrophy (BMD)
form of the disease. Thus the opportunity to transform a DMD phenotype into a BMD phenotype appeared as a
new treatment strategy with the development of antisense oligonucleotides technology, which is able to induce
an exon skipping at the pre-mRNA level in order to restore an open reading frame. Because the DMD gene
contains 79 exons, thousands of potential transcripts could be produced by exon skipping and should be
investigated. The conventional approach considers skipping of a single exon. Here we report the comparison
of single- and multiple-exon skipping strategies based on bioinformatic analysis. By using the Universal
Mutation Database (UMD)-DMD, we predict that an optimal multiexon skipping leading to the del45-55
artificial dystrophin (c.6439_8217del) could transform the DMD phenotype into the asymptomatic or mild
BMD phenotype. This multiple-exon skipping could theoretically rescue up to 63% of DMD patients with a
deletion, while the optimal monoskipping of exon 51 would rescue only 16% of patients. Hum Mutat 28(2),
196-202, 2007. © 2006 Wiley-Liss, Inc.

KEY WORDS: multiple-exon skipping; DMD; BMD; dystrophin; muscular dystrophy

INTRODUCTION

DMD (MIM# 310200) and BMD (MIM# 300376) are two
X-linked recessive allelic disorders characterized by mutations in
the dystrophin gene (MIM# 300377; NM_004010.1; Xp21.2)

The Supplementary Material referred to in this article can be
accessed at http://www.interscience.wiley.com/jpages/1059-7794/
suppmat.
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[Hoffman et al, 1987; Koenig et al, 1987]. DMD affects
approximately 1 out of 3,500 live male newborns, while BMD is
five times less frequent. The phenotypes of these two diseases are
quite different. In DMD, clinical symptoms resulting from
progressive muscle fiber degeneration are observed between 2
and 3 years old (yo) and the muscle wasting will lethally affect
heart and lungs in adulthood. In contrast, BMD has a slower
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disease progression and a wider spectrum of phenotypes ranging
from mild DMD to almost asymptomatic forms [Morrone et al.,
1997]. The dystrophin Dp427 muscular isoform (3,685 amino
acids) harbors four domains [Koenig et al., 1988]: the N-terminal
actin binding domain (amino acids [aa] 12-240); a large central
domain with 24 spectrin motif repeats (aa 253-3112); a cysteine-
rich domain (aa 3113-3299) that interacts with various proteins of
the dystroglycan complex; and a C-terminal complex (aa
3300-3685). Dystrophin plays a critical role in the preservation
of the structure and function of muscle fibers while interacting
with proteins of the associated dystrophin-glycoprotein complex
(DAG), thus establishing a bond between the extracellular matrix
and the cytoskeletal actin. The absence of dystrophin in humans
leads to disorganization and slow degeneration of the muscular
cells. Approximately two-thirds of patients show intragenic
deletions ranging from one to several exons of the DMD gene.
The remaining cases arise from genomic duplications or micro-
rearrangements (nonsense mutations, small deletions or insertions,
intronic mutations, and rare missense mutations). The reading
frame rule [Monaco et al., 1988] explains the two different
phenotypes resulting from mutations in the same gene. Mutations
that change the translational reading frame of the gene elicit
formation of premature stop codons and consequent abortion of
the translation process that results in dystrophin deficiency and
the DMD phenotype, whereas mutations that conserve the
translational reading frame of the mRNA result in the BMD
phenotype. The reading frame hypothesis explains the phenotypic
differences observed in approximately 92% of the DMD/BMD

cases [Koenig et al., 1989]. Nevertheless, several exceptions to this -

rule have been described such as BMD with the out-of-frame exon
3-7 deletion. Thus, dystrophin can be detected in patients with
out-of-frame mutations, theoretically leading to absence of protein
while large in-frame deletions can be detected in DMD patients.
In parallel, in many DMD patients as well as in animal models
(X-linked muscular dystrophy [mdx] and Golden Retriever
muscular dystrophy [GRMD] dogs), rare dystrophin-positive fibers
have been reported [Crawford et al., 2001; Wilton et al., 1997].
It has been suggested that restoring the reading frame by exon
skipping is the most likely cause of this natural phenomenon. In
fact, it is well known that the phenotype is directly correlated with
the functional importance of the deleted protein domains, the
repeated central domain being more tolerant to deletions than
the N- and C-terminal domains because of its modular structure
(Beggs et al., 1991]. Thus the opportunity to transform a DMD
phenotype into a BMD phenotype appeared as a new therapeutic
strategy with the development of the antisense oligonucleotide
(AO) technology, which is able to induce an exon skipping at the
pre-mRNA level in order to restore an open reading frame.
Genomic deletions of one or more exons being the most frequent
mutations among DMD patients and mainly localized in the
repeated central domain, exon skipping in this area should allow
the production of a partially functional dystrophin. Such exon
skipping exists among patients and can explain exceptions to
Monaco's rule. This has prompted many groups to investigate the
possibility of designing strategies for gene repair/modulation based
on the use of compounds interfering with splicing, thus inducing
exon skipping [Aartsma-Rus et al., 2004b; Goyenvalle et al., 2004;
Kapsa et al., 2003). Because the DMD gene contains 79 exons,
thousands of potential transcripts can be produced by exon
skipping and should be investigated. Here we report the prediction
of an optimal exon skipping to transform the DMD phenotype into
the asymptomatic or mild BMD phenotype. This work was
performed by using the UMD-DMD mutation database.
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PATIENTS AND METHODS
Database of Mutations

We used the UMD® software [Beroud et al., 2000, 2005} to
build the UMD-DMD database of mutations from dystrophin
gene-mutated patients identified in French reference diagnostic
laboratories. For each patient, data have been collected at the
molecular, protein, and clinical levels. On July 1, 2006, the UMD-
DMD database included 602 records from 409 DMD patients, 160
BMD patients, and eight patients with an intermediate phenotype.
Phenotype for the remaining 25 patients was not assessed because
of their young age. In order to evaluate the impact of various exon
skipping events, specific tools have been developed. The “exon-
phasing” tool gives access to a graphical presentation of all exons
of the DMD gene according to their phasing. Thus the direct
consequence of the deletion of one or more exons on the gene’s
reading frame can be easily evaluated. When deletions result in
a new junctional codon (the first or the two first nucleotides of the
junctional codon comes from the 5’ exon while the remaining
nucleotide(s) come(s) from the 3’ exon) this could theoretically
lead to an allo- or an isosemantic impact and ultimately to a
stop codon. In this latter situation the apparent reading frame
preservation based on the exon phasing is invalidated at the
nucleotide level. We therefore created the “AA junction after exon
skipping” tool, which displays for each artificial deletion generated
by exon skipping its consequences both at the reading frame
and at the junctional codon levels. As mentioned previously, the
dystrophin protein is tolerant to internal deletions. Therefore, to
restore the reading frame of an out-of-frame deletion found in a
DMD patient, one can imagine additionally deleting one or more
exons either on the 5" and/or 3’ side of the deletion. More than
3,000 artificial deletions can theoretically be generated by exon
skipping of one or more exons. As it is impossible to evaluate the
therapeutic potential of all the possible resultant dystrophins,
various groups have designed mini-, micro-, or quasidystrophins
[Kapsa et al., 2003; Kobinger et al., 2003; Li et al., 2005; Liu et al.,
2005; Nonaka, 2004; Takeda, 2004; Yoshimura et al., 2004].
In addition, microdystrophin has been designed as an alternative
to the incorporation of a full-length dystrophin cDNA (14 kb) into
an AAV vector because of the limited size of the cassette. Using
a 4.9-kb rod-truncated microdystrophin CS1, Takeda [2004] has
almost completely ameliorated the dystrophic phenotypes in
transgenic mdx mice. Concomitantly, Liu et al. {2005] have used
a C-terminal truncated DeltaR4-R23/DeltaC microgene (DeltaR4/
DeltaC). These are promising approaches to rescue muscular
dystrophy in young mdx skeletal muscle. Nevertheless, if the
percentage of centrally nucleated myofibers was reduced to
approximately 22% in microdystrophin-treated muscle [Liu
et al., 2005], one can expect that a larger functional dystrophin
could give better results. We designed an automatic tool that
presents, for each mutation, the largest in-frame artificial
dystrophin that can be generated by exon skipping. All other
alternative exon skippings restoring the frame are also accessible.
In addition, we created the “in-frame correction table” module,
which summarizes the number of patients with a deletion that
could be rescued by a skipping of one, two, or three exons either
in the 5 or 3’ side of the deletion. Direct access to data
of corresponding patients is also provided. Because patients with
an in-frame deletion are frequently associated with the milder form
of the disease (BMD), they are natural mutants that give valuable
information about the phenotypic consequence of various
minidystrophins. We therefore created the “Large rearrangements
rescuable by mono-exon skipping” tool. It evaluates all monoexon
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skippings that can rescue out-of-frame deletions for patients
described in the UMD-DMD database. For each monoexon
skipping, it lists the number of patients eligible for this skipping,
their deletion, the amino acid junctional impact, and the patients
or individuals naturally harboring the artificial deletion. Further-
more, each deletion rescuable by monoexon skipping is associated
with one of the following groups: 1) exon skipping with a
junctional impact being a stop codon; 2) exon skipping with an
allosemantic junctional impact (such protein has never been
reported in patients); 3) exon skipping with an isosemantic
junctional impact (such protein has never been reported in
patients); 4) exon skipping leading to a protein found exclusively
in DMD patients; 5) exon skipping leading to a protein found both
in DMD and BMD patients; and 6) exon skipping leading to a
protein found exclusively in BMD patients. The goal of the exon
skipping strategy in the context of the DMD being to transform a
DMD phenotype into a BMD phenotype, deletions belonging
to groups 2, 3, or 6 above are the best target for such strategies.
In parallel to this monoskipping analysis, we wished to evaluate
multiexon skipping. We then designed a specific routine to display
the full set of correcting events for each mutation. In addition, to
evaluate the potential use of multiexon skipping to rescue the
largest set of DMD patients, we developed the “Exon skipping
leading to BMD” algorithm. This routine selects all in-frame
deletions found in BMD patients and searches for all deletions
found in DMD patients that can be transformed into in-frame
deletions through various multiexon skipping. The list of all
corresponding cases is available.

Patients

Using UMD-DMD tools, we identified 11 male individuals
carrying the deletion of exons 45 to 55 (abbreviated as “del45-55";
approved mutation nomenclature c.6439_8217del based on
GenBank NM_004010.1 and using the A of the ATG initiation
codon as +1) of the DMD gene. We also collected four individuals
with this mutation from Japan. For each patient, clinical data were
collected from the caring physicians. These data included age and
symptoms of onset, age of ambulation loss, age of last examination,
neuromuscular, cardiological, respiratory and behavioral data,
creatine phosphokinase (CPK) level, and muscle biopsy results.
When muscle biopsy samples were available, dystrophin analysis
was performed by conventional techniques [Anderson and
Davison, 1999; Bornemann and Anderson, 2000].

RESULTS
Junctional Impact of Exon Skipping

The DMD gene is composed of 79 exons that are distributed in
various phases, as shown in Figure 1. When a deletion occurs, it
can result into a frameshift and therefore lead to a premature stop
codon. This is achieved when two exons in different phases
are joined end to end (for example, exons 51 and 53). When two
exons in the same phase are involved, it is usually assumed that no
premature stop codon is generated as no frameshift occurs as
predicted by the DMD exonic deletions/duplications reading frame
checker 1.6 from the Leiden database (www.dmd.nl) [Fokkema
et al.,, 2005]. Nevertheless, this does not take into account the
impact at the junctional codon. The automatic tool developed in
the UMD-DMD database allowed us to demonstrate that among
the 3,081 possible deletions, seven deletions that are not
predictive of a frameshift in fact lead to a junctional stop codon.
These are del2-19 (c.32_2380del), del2-58 (c.32_8668del), del
2-77 (c.32_11014del), del51-58 (c.7310_8668del), del51-77
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FIGURE 1. Exon phasing of the DMD gene. Each exon is
presented by a gray box. Each extremity of the box represents
the specific phasing of the exon. Left end of exons: 1) dark gray
vertical lane means that the exon begins by the first nucleotide
of a codon; 2) light gray curve means that the exon begins by the
second nucleotide of a codon; and 3) gray'arrow means that the
exon begins by the third nucleotide of a codon. Right end
of exons: 1) dark gray vertical lane means that the exon ends by
the last nucleotide of a codon; 2) light gray curve means that the
exon ends by the first nucleotide of a codon; and 3) gray arrow
means that the exon ends by the second nucleotide of a codon.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

(c.7310_11014del), del65-77 (c.9362_11014del), and del67-77
(c.9650_11014del). Only del51-58 is of interest in the context of
exon skipping.

Monoexon Skipping

To evaluate if mono-, bi-, or triexon skipping are equally
efficient to rescue out-of-frame deletions described in patients, we
used the “in-frame correction table” module. For 71 patients, the
skipping of one exon was the only available approach, while for six
patients their deletion could be rescued by deletion of one, two, or
three exons and for 111 patients by deletion of one or three exons.
Interestingly, monoskipping could theoretically restore the frame
of deletions found in 215 patients, biskipping in 76 patients, and
triskipping in 160 patients. If only patients exclusively rescued by
one of these approaches are evaluated, monoskipping is required
for 71 patients, biskipping for eight patients, and triskipping for
two patients (Supplementary Table S1; available online at http:
[/fwww.interscience.wiley.com/jpages/1059-7794/suppmat). There-
fore, monoskipping is the most efficient approach in this cohort.
The rescue by monoexon skipping of various deletions will lead to
individualized therapeutic approaches. To evaluate if some exons
could rescue various types of mutations and therefore could be the
best targets for clinical trials, we used the “Large rearrangements
rescuable by mono-exon skipping” tool. It reveals that only
11 monoexon skipping events could potentially rescue more than
10 patients (Fig. 2). If we consider-that some deletions can be
rescued by monoskipping of either the 5 or the 3’ exons, only nine
monoskipping events are relevant. Indeed, the nine patients with
deletion of exon 44 can be rescued alternatively by monoskipping
of exons 43 or exon 45. Similarly, the 15 patients with deletion of
exon 51 can be rescued either by monoskipping of exons 50 or 52.



The monoskipping of exons 51 is the best choice, as it can
rescue deletions of exons 48-50 (12 patients), leading to artificial
deletions found exclusively in BMD patients, i.e., exons 48-51
(four patients). Deletions of exons 43-50 (one patient), 45-50
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FIGURE 2. Monoskipping of the DMD gene. For each exon is
presented the number of patients from the UMD-DMD database
that can be rescued by the corresponding monoskipping.
Each deletion has been associated with one of the five groups.
*Such protein has never been reported in patients.
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(13 patients), 47-50 (one patient), 49~50 (eight patients), 50
(four patients), 52 {five patients), and 52-63 (one patient) that
can be rescued by monoskipping of exon 51 result in artificial
dystrophins that so far have not been reported in the UMD-DMD
database.

Multiexon Skipping

The work from J.S. Chamberlain’s group (Department of
Human Genetics, University of Michigan Medical School) led to
the description of the microdystrophin and to the recognition
of dispensable spectrin repeats in the dystrophin protein [Phelps
et al,, 1995]. Today it is recognized that repeats four to 23
(DeltaR4-R23) can be removed leading to a functional protein.
Therefore, it is possible to use the exon skipping approach to
generate artificial dystrophins including deletions of various sizes.
This could be achieved by targeting multiple exons with various
antisense oligonucleotides or modified small nuclear RNA unit #7
(U7 snRNA). In this situation, various deletions could be rescued
by the same approach and therefore only one procedure will have
to be developed. To evaluate which is the artificial dystrophin that
can be generated by exon skipping and could rescue the largest
number of patients, we developed a specific tool. As expected,
such approach should invariably lead to the largest functional
deletion (i.e., DeltaR4-R23). Because we have collected pheno-
typic data for most patients, we decided to limit this analysis to
artificial dystrophin already reported in BMD individuals and
therefore for which functional in vivo data were available. We
developed the so-called “Exon skipping leading to BMD”
algorithm. It evaluates, for each in-frame deletion reported only
in BMD patients, how many deletions found in DMD patients
could be rescued by multiexon skipping leading to this in-frame
deletion. Figure 3 summarizes available data. This tool allowed us
to identify deletion from exons 45 to 55 (c.6439_8217del) as the
best solution as it could rescue deletions described in 161 DMD
patients among the 254 DMD patients with a large deletion (63%)
(Supplementary Table S2). This deletion could also rescue small
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FIGURE 3. Multiskipping of the DMD gene. X-axis: exons of the DMD gene. Y-axis: number of DMD patients rescuable by multiexon
skipping. Each colored rectangle corresponds to the deletion found in BMD patients. Note the pink del45-55 deletion that can rescue

161 DMD patients with an out-of-frame deletion of the DMD gene.
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TABLE 1. Clinical Features of the 15 Documented Patients Carrying the del45-55 Dystrophin Gene Mutation

Age at last Ambulation
Symptoms of examination Clinical CPK/age (if no, then Cardiac involvement/

Patient onset/age (years) (vears) status (years)® age of loss) age (years)

1 Muscle pain, myoglobinuria/13 14 Mild BMD 6 times/14 Y N

2 Chance high CK levels/8 9 AS 17 times/8 Y N

3 Chance high CK levels/6 7 AS 6 times/7 Y N

4 Chance high CK levels/13 : 18 Mild BMD 5 times/18 Y N

5 Myalgia/12 14 Myalgia Elevated/14 Y —

6 Weakness/45 55 Mild BMD Y _—

7 Weakness/4 40 Mild BMD 4 times/22 Y —

8 Weakness/4 40 Mild BMD 4 times/22 Y —

9 Toe walking, weakness/2 46 Mild BMD —_ Y —
10 Weakness (very mild)/3.5 13 Exercise 19 times/3.5 Y N

intolerance .
11 Chance (related to Patient 10)/57 63 AS 1.3 times/57 Y Cardiomyopathy
(LVEF 51%)/57
12 Scoliosis, weakness/19 40 Mild BMD 7 times/40 Y N
13 Calf hypertrophy/40 54 Mild BMD 6 times/41 Y Cardiomyopathy
(LVEF 57%)/54

14 Exercise intolerance/12 19 Mild BMD 41 times/12 Y N
15 Weakness/49 50 Mild BMD 1.5 times/50 Y —_

2CPK levels are expressed as number of times normal level.
-, not available; N, No; Y, Yes; BMD, Becker muscular dystrophy; AS,
discovered by chance without any clinical sign.

rearrangements found in six DMD patients out of 129 (4.7%) and
large duplications found in nine patients out of 41 (22%).

Clinical Study

According to neuromuscular features, the 15 individuals were
classified as asymptomatic, exercise intolerant and/or myalgia, and
mild BMD phenotypes (Table 1). Mild BMD was defined as a mild
weakness with or without calf hypertrophy and autonomous
ambulation. None of them had evidence for respiratory involve-
ment or mental retardation.

Overall phenotypes of the 15 documented patients associated
with del45-55 are heterogeneous ranging from asymptomatic
(three individuals, ages: 7 to 63 yo), exercise intolerance and/or
myalgia (two patients, ages: 13 and 14yo) and mild BMD
(10 patients, ages: 14 to 55yo). The age of onset when available
was ranging from 2 to 49 yo (mean = 19.5 +19.6 yo, median = 12,
interquartile range = 24.5). The most frequent symptoms of onset
were weakness; defined as walking, running, and stair-climbing
difficulties (seven patients), exercise intolerance (three patients),
and calf hypertrophy (one patient). CPK level was highly elevated
(>5 times) for seven individuals (mean age=17+15 yo,
median = 12, interquartile range = 19) while it was moderately
elevated for others (<5 times) (mean age=34+19 yo,
median = 22, interquartile range = 28). All patients, including
nine individuals at least 39yo, were still ambulatory at last
examination (ages: 7 to 63 yo). Two patients had a mild cardiac
involvement identified at echocardiography without clinical
manifestation.

Muscle Biopsy Results

When tissues were available (two cases with exercise intoler-
ance and/or myalgia , one asymptomatic case, and one mild BMD),
the microscopy revealed mild (two patients) or moderate (two
patients) muscular dystrophy. Dystrophin immunostaining was
moderately reduced with Dys-2 antibody (Novocastra Labora-
tories, Newcastle, United Kingdom; www.novocastra.co.uk)
(aa 3668-3684) in two patients and with the C5G5 antibody
(aa 1173-1728) {[Fabbrizio et al., 1993] in four patients. It was
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asymptomatic; LVEF, left ventricular ejection fraction; Chance, individual

negative with the Do antibody (aa 1840-2226), whose epitope
overlap the deleted portion of the dystrophin, in two patients (data
not shown).

The Western blot analysis was performed in three samples and
a reduced amount of dystrophin was detected in all samples (daca
not shown). In all analyzed cases dystrophin displayed a reduced
molecular weight.

Other patients with a deletion of exons 45 to 55 are reported
in the Leiden database [Fokkema et al., 2005]. Only one of these
patients was previously published [Sironi et al., 2001]. This patient
was 60yo and classified as a mild BMD without cardiomyopathy.
The level of expression of the deleted dystrophin was estimated to
80% by Western blot analysis.

Overall, these data suggest that deletion of exons 45 to 55 is
associated with mild BMD (10 patients), exercise intolerance and/
or myalgia (two patients) or even no phenotype (three patients).

DISCUSSION

Many teams wotldwide have been engaged in monoexon
skipping to rescue the dystrophic mdx mouse bearing a nonsense
mutation in exon 23 by skipping of this exon. Recent very
promising results {Goyenvalle et al., 2004; Lu et al., 2005] open
the way to human DMD exon skipping. One approach aims at
inducing skipping of an exon carrying a nonsense mutation (such
as R1967X in exon 41) in human cultured myocytes [Surono
et al, 2004]). Another approach has been to perform double
skipping [Aartsma-Rus et al, 2004a]. As a broad pattem of
deletions is observed in DMD patients {today 163 different
deletions are recorded in the UMD-DMD database), the set of
monoexon skipping events would have to be large with some being
indicated for only one patient while others would correct many.
In order to better define the most efficient artificial dystrophins
resulting from monoexon skipping, we developed various dedi-
cated tools. We have been able to demonstrate that only nine
exons could be used to rescue deletions found in more than
10 patients (254 patients harbor a large deletion of the DMD
gene}. The best target is exon 51 that could rescue 45 patients
(16%). We also developed tools to evaluate artificial deletions



produced by exon skipping that would lead to deletions reported in
DMD patients. For example, deletion of exon 45 is associated with
DMBD as it results in a premature stop codon. This deletion can
theoretically be rescued by monoskipping of exon 44 or 46. The
resulting del44-45 has been described once in a DMD patient
[Herczegfalvi et al., 1999] and the del45-46 three times, in two
DMD and one BMD patients. Thetefore the deletion of exon 45
could not be efficiently rescued by monoexon skipping. Further-
more, we also evaluated the consequences of the skipping on the
junctional codon. We demonstrated that seven deletions appar-
ently restoring the frame would indeed result in a premature stop
codon: del2-19 (c.32_2380del), del2-58 (c.32_8668del), del2-77
(c.32_11014del), del51-58 (c.7310_8668del), del51-77 (c.7310_
11014del), del65-77 (c.9362_11014del), and del67-77 (c.9650_
11014del).

As suggested by Aartsma-Rus et al. [2004a), the targeting of
20 monoskipping events would theoretically be beneficial for at
least 75% of patients. Nevertheless, this approach will be time
consuming and many clinical trials will be required, as each
monoskipping has to be addressed individually. We believe that
multiexon skipping is a better solution, as we can expect that
only a limited number of different multiskipping events would be
required. We therefore developed a set of dedicated tools to
address the multiskipping. We used the phenotypes of various
individuals included in the UMD-DMD database as an in vivo
control of the functional impact of artificial dystrophins generated
by the multiskipping. The “Exon skipping leading to BMD”
algorithm allowed us to select the del45-55 (c.6439_8217del)
artificial dystrophin as the most efficient multiskipping as it would
theoretically be beneficial to 63% of patients harboring a deletion.
In order to assess the exact phenotypes of individuals harboring
a del45-55 deletion, we used the clinical data provided by the
corresponding caring physicians. After reviewing detailed clinical
data, we can conclude that for all patients older than 40 yo (eight
patients) the phenotype is either asymptomatic (one patient) or a
mild BMD (eight patients) with cardiac involvement of variable
severity (two patients). The observed clinical heterogeneity could
at least partially result from genetic heterogeneity in the DMD
gene. In fact the deletions have only been characterized in term
of missing exons in the DNA but not at the intronic level
(deletion breakpoints). Therefore we can expect that asympto-
matic patients have a fully functional neointron 44-56 and
therefore an almost normal level of del45-55 (c.6439_8217del)
dystrophin, while patients with mild BMD phenotype have
different breakpoints that lead to partially functional neointron
44-56. In a family with a del45-54 (c.6439_8027del) mutation,
an asymptomatic female carrier with an altered dystrophin mRNA
fragment generating a mRNA deletion of exon 44 has been
reported [Lenk et al., 1993}. It was concluded that this fragment
could be generated by an alternative splicing of exon 44. In one
patient from our study, we detected a weak signal corresponding to
a del44-55 (c.6291_8217del) fragment. We can therefore
hypothesize that various levels of alternative splicing of exon 44
could partially explain the observed heterogeneity as del44-55
(c.6291_8217del) leads to nonsense mediated decay.

This is so far the largest series of patients harboring a large
deletion of the DMD gene either asymptomatic or with mild
phenotype. It reinforces the biocinformatic predictive value of
the del45-55 (c.6439_8217del) deletion as being the “target of
choice” for exon skipping. Furthermore, the number of individuals
harboring this deletion is probably under evaluated as asympto-
matic individuals exist and one of them has been identified by
chance in our series. Indeed Patient 11 has been detected at 57 yo
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during the course of a family analysis. His grandson (Patient 10)
was under investigation because the pediatrician had noticed a
slight toe walking and a very mild weakness in the lower limbs.
The molecular investigations revealed that he had inherited
the mutated dystrophin gene from his grandfather who was
asymptomatic.

To evaluate the efficiency of the exon skipping leading to the
del45-55 artificial dystrophin for a specific patient, it could be
necessary to use his own cells for in vitro testing prior to clinical
tial. Alternatively, the precise definition of intronic breakpoints
could lead to a better understanding of functional or partially
functional neointrons. The identification of exonic splicing
silencer (ESS) [Sironi et al., 2004; Wang et al., 2004; Zhang
and Chasin, 2004] and exonic splicing enhancer (ESE) [Cartegni
et al, 2003; Fairbrother et al., 2004] patterns can also give
valuable information.

A major concern about this approach is the feasibility of
multiexon skipping at the technical level. Various reports lead
us to believe that this could be performed in the near future.
So Aartsma-Rus et al. [2004a] have shown that double skipping
of exons 43 and 44 or 45 and 51 can be successfully achieved.
More importantly, a recent study by Fall et al. [2006] showed that
a cocktail of AOs can be used to efficiently induce the skipping
of exons 19 to 25 in the mdx mouse.

In conclusion, we demonstrated that use of dedicated
algorithms from the UMD software could predict the best
multiexon skipping to rescue DMD patients. We conclude that
the del45-55 (¢.6439_8217del} could rescue up to 63% of DMD
patients harboring a deletion of one or more exons in our series,
while the best monoskipping approach (monoskipping of exon 51)
will only rescue 16% of these patients. This approach will also be
useful for patients with small rearrangements (small insertions/
deletions, splice mutations, etc.) or large duplications. Overall,
the multiskipping of exons 45 to 55 could rescue 41.5% of DMD
patients from our series. This “general” as opposed to “specific”
approach may therefore simplify the development of clinical trials
in the context of DMD. :

ACKNOWLEDGMENTS

We want especially to thank the clinicians who gave us access
to the various patients for this study. We thank all laboratory
technicians and biologists who identified mutations reported in
the UMD-DMD database; in particular, Sylvie Chambert, Céline
Saquet, Delphine Thorel, and Philippe Khau van Kien.

REFERENCES

Aartsma-Rus A, Janson AA, Kaman WE, Bremmer-Bout M, van Ommen
GJ, den Dunnen JT, van Deutekom JC. 2004a. Antisense-induced
multiexon skipping for Duchenne muscular dystrophy makes more sense.
Am J Hum Genet 74:83-92.

Aartsma-Rus A, Kaman WE, Bremmer-Bout M, Janson AA, den Dunnen
JT, van Ommen GJ, van Deutekom JC. 2004b. Comparative analysis of
antisense oligonucleotide analogs for targeted DMD exon 46 skipping in
muscle cells. Gene Ther 11:1391-1398.

Anderson LV, Davison K. 1999. Multiplex Western blotting system for the
analysis of muscular dystrophy proteins. Am ] Pathol 154:1017-1022.
Beggs AH, Hoffman ER Snyder JR, Arahata K, Specht L, Shapiro F,
Angelini C, Sugita H, Kunkel LM. 1991. Exploring the molecular basis
for variability among patients with Becker muscular dystrophy:

dystrophin gene and protein studies. Am ] Hum Genet 49:54-67.

Beroud C, Collod-Beroud G, Boileau C, Soussi T, Junien C. 2000. UMD
(Universal Mutation Database): a generic software to build and analyze
locus-specific databases. Hum Mutat 15:86-94.

Human Mutation DOI 10.1002/humu



202 HUMAN MUTATION 28(2), 196-202, 2007

Beroud C, Hamroun D, Collod-Beroud G, Boileau C, Soussi T, Claustres M.
2005. UMD (Universal Mutation Database): 2005 update. Hum Mutat
26:184-191.

Bomemann A, Anderson LV. 2000. Diagnostic protein expression in
human muscle biopsies. Brain Pathol 10:193-214.

Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR. 2003. ESEfinder: a
web resource to identify exonic splicing enhancers. Nucleic Acids Res
31:3568-3571.

Crawford GE, Lu QL, Partridge TA, Chamberlain JS. 2001. Suppression of
revertant fibers in mdx mice by expression of a functional dystrophin.
Hum Mol Genet 10:2745-2750.

Fabbrizio E, Leger ], Anoal M, Leger ]], Momet D. 1993. Monoclonal
antibodies targeted against the C-terminal domain of dystrophin or
utrophin. FEBS Lett 322:10-14.

Fairbrother WG, Yeo GW, Yeh R, Goldstein P Mawson M, Sharp PA, Burge
CB. 2004. RESCUE-ESE identifies candidate exonic splicing enhancers
in vertebrate exons. Nucleic Acids Res 32(Web Server issue):
W187-W190.

Fall AM, Johnsen R, Honeyman K, Iversen P Fletcher S, Wilton SD. 2006.
Induction of revertant fibres in the mdx mouse using antisense
oligonucleotides. Genet Vaccines Ther 4:3.

Fokkema IE, den Dunnen JT, Taschner PE. 2005. LOVD: easy creation of a
locus-specific sequence variation database using an “LSDB-in-a-box”
approach. Hum Mutat 26:63-68.

Goyenvalle A, Vulin A, Fougerousse E Leturcq F, Kaplan JC, Garcia L,
Danos O. 2004. Rescue of dystrophic muscle through U7 snRNA-
mediated exon skipping. Science 306:1796-1799.

Herczegfalvi A, Toth G, Gyurus B, Morava E, Endreffy E, Fodor E Mechler
E Laszlo A, Rasko I, Melegh B. 1999. Deletion patterns of dystrophin
gene in Hungarian patients with Duchenne/Becker muscular dystro-
phies. Neuromuscul Disord 9:552-554.

Hoffman EE Brown RH Jr, Kunkel LM. 1987. Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell 51:
919-928.

Kapsa R, Kornberg A, Byme E. 2003. Novel therapies for Duchenne
muscular dystrophy. Lancet Neurol 2:299-310.

Kobinger GE Louboutin JB Barton ER, Sweeney HL, Wilson JM. 2003.
Correction of the dystrophic phenotype by in vivo targeting of muscle
progenitor cells. Hum Gene Ther 14:1441-1449.

Koenig M, Hoffman EP Bertelson CJ, Monaco AP, Feener C, Kunkel LM.
1987. Complete cloning of the Duchenne muscular dystrophy (DMD)
¢DNA and preliminary genomic organization of the DMD gene in
normal and affected individuals. Cell 50:509-517.

Koenig M, Monaco AR Kunkel LM. 1988. The complete sequence
of dystrophin predicts a rod-shaped cytoskeletal protein. Cell 53:
219-226.

Koenig M, Beggs AH, Moyer M, Scherpf S, Heindrich K, Bettecken T,
Meng G, Muller CR, Lindlof M, Kaariainen H, de la Chapelle A,
Kiuru A, Savontaus M-L, Gilgenkrantz H, Recan D, Chelly ],
Kaplan J-C, Covone AE, Archidiacono N, Romeo G, Liechti-Gallati S,
Schneider V, Braga S, Moser H, Darras BT, Murphy B Francke
U, Chen ]D, Morgan G, Denton M, Greenberg CR, Wrogemann K,
Blonden LAJ, van Paassen HMB, van Ommen GJB, Kunkel LM. 1989.
The molecular basis for Duchenne versus Becker muscular dystrophy:

Human Mutation DOI 10.1002/humu

correlation of severity with type of deletion. Am ] Hum Genet 45:
498-506.

Lenk U, Demuth S, Kraft U, Hanke R, Speer A. 1993. Alternative splicing
of dystrophin mRNA complicates carrier determination: report of a
DMD family. ] Med Genet 30:206-209.

Li 5, Kimura E, Fall BM, Reyes M, Angello JC, Welikson R, Hauschka SD,
Chamberlain ]JS. 2005. Stable transduction of myogenic cells
with lentiviral vectors expressing a minidystrophin. Gene Ther 12:
1099-1108.

Liu M, Yue Y, Harper SQ, Grange RW, Chamberlain JS, Duan D. 2005.
Adeno-associated virus-mediated microdystrophin expression protects
young mdx muscle from contraction-induced injury. Mol Ther 11:
245-256.

Lu QL, Rabinowitz A, Chen YC, Yokota T, Yin H, Alter ], Jadoon A,
Bou-Gharios G, Partridge T. 2005. Systemic delivery of antisense
oligoribonucleotide restores dystrophin expression in body-wide skeletal
muscles. Proc Natl Acad Sci USA 102:198-203.

Monaco AR Bertelson C}, Liechti-Gallati S, Moser H, Kunkel LM. 1988.
An explanation for the phenotypic differences between patients bearing
partial deletions of the DMD locus. Genomics 2:90-95.

Morrone A, Zammarchi E, Scacheri PC, Donati MA, Hoop RC, Servidei S,
Galluzzi G, Hoffman EP 1997. Asymptomatic dystrophinopathy. Am
] Med Genet 69:261-267.

Nonaka 1. 2004. [Muscular dystrophy: advances in research works and
therapeutic trials]. Rinsho Shinkeigaku 44:901-904. [Japanese]

Phelps SF, Hauser MA, Cole NM, Rafael JA, Hinkle RT, Faulkner JA,
Chamberlain JS. 1995. Expression of full-length and truncated
dystrophin mini-genes in transgenic mdx mice. Hum Mol Genet 4:
1251-1258.

Sironi M, Bardoni A, Felisari G, Cagliani R, Robotti M, Comi GP Moggio
M, Bresolin N. 2001. Transcriptional activation of the non-muscle, full-
length dystrophin isoforms in Duchenne muscular dystrophy skeletal
muscle. ] Neurol Sci 186:51-57.

Sironi M, Menozzi G, Riva L, Cagliani R, Comi GE Bresolin N, Giorda R,
Pozzoli U. 2004. Silencer elements as possible inhibitors of pseudoexon
splicing. Nucleic Acids Res 32:1783-1791.

Surono A, Van Khanh T, Takeshima Y, Wada H, Yagi M, Takagi M, Koizumi
M, Matsuo M. 2004. Chimeric RNA/ethylene-bridged nucleic acids
promote dystrophin expression in myocytes of Duchenne muscular
dystrophy by inducing skipping of the nonsense mutation-encoding
exon. Hum Gene Ther 15:749-757.

Takeda S. 2004. [Current status and perspective of gene therapy on
dystrophic animal model]. Rinsho Shinkeigaku 44:911-913. [Japanese]

Wang Z, Rolish ME, Yeo G, Tung V, Mawson M, Burge CB. 2004. Syste-
matic identification and analysis of exonic splicing silencers. Cell 119;
831-845.

Wilton SD, Dye DE, Laing NG. 1997. Dystrophin gene transcripts skipping
the mdx mutation. Muscle Nerve 20:728-734.

Yoshimura M, Sakamoto M, Ikemoto M, Mochizuki Y, Yuasa K, Miyagoe-
Suzuki Y, Takeda S. 2004. AAV vector-mediated microdystrophin
expression in a relatively small percentage of mdx myofibers improved
the mdx phenotype. Mol Ther 10:821-828.

Zhang XH, Chasin LA. 2004. Computational definition of sequence motifs
governing constitutive exon splicing. Genes Dev 18:1241-1250.



Hum Genet (2007) 120:737-742
DOI 10.1007/500439-006-0241-y

SHORT REPORT

A nonsense mutation-created intraexonic splice site is active
in the lymphocytes, but not in the skeletal muscle of a DMD

patient

Van Khanh Tran - Yasuhiro Takeshima - Zhujun Zhang - Yasuaki Habara -
Kazuhiro Haginoya - Atsushi Nishiyama - Mariko Yagi - Masafumi Matsuo

Received: 18 June 2006 / Accepted: 1 August 2006 / Published online: 26 September 2006

© Springer-Verlag 2006

Abstract Production of semi-functional dystrophin
mRNA from the dystrophin gene encoding a prema-
ture stop codon has been shown to modify the severe
phenotype of Duchenne muscular dystrophy (DMD).
In this study, we report the tissue-specific production
of semi-functional dystrophin mRNA via activation of
a nonsense mutation-created intraexonic splice accep-
tor site. In a DMD patient a novel nonsense mutation
was identified in exon 42. In his lymphocytes semij-
functional dystrophin mRNA with a 63-nucleotide
deletion in exon 42 (dys-63) was found to be produced.
In vitro splicing assay using hybrid minigenes disclosed
that the mutation-created intraexonic splice acceptor
site was activated. In his skeletal muscle cells, however,
only the authentically spliced dystrophin mRNA was
found. This finding identifies the modulation of the
splicing of muscle dystrophin mRNA in cases of DMD
as a potential target for therapeutic strategies to gener-
ate a milder phenotype for this disease.
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Introduction

The severe Duchenne muscular dystrophy (DMD,
MIM 310200) and the more benign Becker muscular
dystrophy (BMD, MIM 300376) are caused by muta-
tion of the dystrophin gene. More than 100 nonsense
mutations located at various positions along the 14-kb
dystrophin  mRNA have been reported (htip:/
www.dmd.nl). Despite the wide variation in the coding
potentials of the mutated mRNAs (0-98.6% of the
full-length protein), these truncating mutations are
surprisingly associated with a uniformly severe DMD
phenotype. A limited number of nonsense mutations,
however, have been reported to resuit in a mild pheno-
type. In some of these cases, the production of semi-
functional in-frame mRNA due to skipping of the exon
containing the mutation has been shown as the cause of
the phenotype modification (Barbieri et al. 1996; Dis-
set et al. 2006; Shiga et al. 1997).

The production of semi-functional mRNA via activa-
tion of a mutation created-splice site has never been
reported for nonsense mutations in the dystrophin
gene. In this report, semi-functional mRNA was shown
to be produced in the lymphocytes of a DMD patient
via activation of a mutation created-splice site; this
patient was found to have a novel nonsense mutation in
the dystrophin gene. Only authentic splicing products
containing a nonsense codon, however, were obtained
from the patient’s skeletal muscle, which explained his
severe DMD phenotype. Because in vitro splicing anal-
ysis of a hybrid minigene carrying the nonsense muta-
tion disclosed the production of in-frame mRNA,
modulation of the splicing of dystrophin mRNA in mus-
cle cells is a potential target for therapeutic strategies
that aim to make the DMD phenotype milder.
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Case and methods
Case

The proband (KUCG 593) was a 5-year-old boy. He was
born at 36 weeks of gestation and was admitted to a neo-
natal care unit. During a routine blood examination, his
serum creatine kinase (CK) level was found to be
4,050 IU/ (normal < 169 IU/M). When the subject was
3 months old, his CK level was elevated to 25,550 TUAN.
He started to walk independently at 1 year of age and
his motor development was normal. During the follow-
ing period his serum CK remained elevated. A muscle
biopsy when the boy was 3 years old disclosed no dystro-
phin staining, confirming a DMD diagnosis. At 5 years
old, he was referred to Kobe University Hospital to
examine his dystrophin gene for a mutation. These stud-
ies were approved by our ethics committee.

Methods
Mutation analysis

DNA was isolated from blood samples by standard phe-
nol-chloroform extraction methods. The region encom-
passing exon 42 was amplified by the PCR with g42F &'-
CAATTGTCAGCTGTAGAATGAGACC-3') as the
forward primer and g42R (5'-TGAAGCCAACCAC
ACTATCAAGTA-3') as the reverse primer.

Total RNA was isolated from peripheral lymphocytes
that were collected from whole blood using Ficoll-
Paque density gradients (Amersham Biosciences AB,
Uppsala, Sweden) or from thin-sliced (6 um) muscle sec-
tions of frozen muscle samples. Reverse-transcription
PCR (RT-PCR) and RT-nested PCR were employed to
analyze the dystrophin mRNA expressed in skeletal
muscle and lymphocytes, respectively. For dystrophin
mRNA from lymphocytes, a region encompassing exons
36 to 45 was first amplified using a forward primer corre-
sponding to a segment of exon 36 (3E: 5-CCCAGCAA
AAAGAAGACGTG3-3') and a reverse primer com-
plementary to a segment of exon 45 (3B: 5'-ACTGGC
ATCTGTTTTTGAGGAT-3'). The PCR product was
then used as a template for a second PCR amplification
using a nested set of primers (forward-c40F: 5'-CAGC
CTACCTGAGCCCAGAGATG-3' and reverse-3F:
5'-CTTCCCCAGTTGCATTCAAT-3"). For dystro-
phin mRNA from skeletal muscle, a region encompass-
ing exons 40 to 45 was amplified using the inner set of
primers.

The amplified products were purified and sequenced
either directly or after subcloning into the pT7 Blue-T
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vector (Novagen, Madison, WI). The DNA sequences
were determined using an automated DNA sequencer
(model 310; Applied Biosystems, Foster City, CA).

In vitro splicing assay

Using a minigene (H492) constructed from the pcDNA
3.0 mammalian expression vector (Invitrogen, Carls-
bad, CA) (Thi Tran etal. 2005; Tran et al. 2006),
hybrid minigenes were created by inserting a test
sequence consisting of exon 42 and its flanking introns
into the multicloning site (Fig. 3a). The region encom-
passing exon 42 was amplified from both the control
sample and the patient’s genomic DNA by the PCR
with primers that correspond to introns 41 and 42 and
included Nhel and BamHI restriction enzyme recogni-
tion sites, respectively (In42F-Nhe: 5’-GCCGCTA
GCAGCCCAGTTTGTAGATTC-3' and In42R-Bam:
5'-CGGGATCCGTCAAAATGCCATCATGATG
C-3"). Amplified products were digested with Nhel and
BamHI (New England Biochem, UK), and inserted
into the minigene that had been digested with the same
restriction enzymes. In this way, we constructed both
wild-type (TVK-42) and mutant (TVK-42m) hybrid
minigenes that carried wild-type exon 42 and exon 42
with the nonsense mutation, respectively. After check-
ing their sequences, these hybrid minigenes were trans-
fected into HeLa cells for splicing assays as described
before (Thi Tran et al. 2005; Tran et al. 2006). Cells
were harvested 24 h after the transfection and total
RNA was extracted as using an Isogen Kit (Nippon
Gene Co., Toyama, Japan).

Five microgram of total RNA was subjected to
reverse transcription using random hexamer primers
and the PCR was performed using a forward primer
corresponding to a segment of upstream exon A and a
reverse primer complementary to a segment of the
downstream exon B as previously described (Thi Tran
et al. 2005) (Fig. 3a). PCR products were analyzed by
electrophoresis on an 8% polyacrylamide gel.

Results

In the index case, a novel disease-causing mutation was
identified in exon 42; a transition mutation from a thy-
mine to a guanine was located at the 63rd nucleotide of
exon 42, corresponding to the 5,985th nucleotide of the
dystrophin mRNA (c.5,985T > G) (Fig. 1). The nucleo-
tide change converted a TAT codon, which encodes
a tyrosine residue at the 1,995th amino acid position
of the dystrophin protein, to a TAG stop codon
(p-1,995Y > X) (Fig.1). The predictive truncation of



